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Do lIumor Proteins Contain D-Amino Acids? 
A Review of the Controversy 


J. A. Mivver, Px.D. 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, Madison) 


The controversy which forms the subject of this 
review followed the publication of a paper en- 
titled “Zur Atiologie der malignen Tumoren”’ by 
F. Kégl and H. Erxleben in 1939 (30). In this work 
evidence was presented that tumor proteins con- 
tain certain D-amino acids, particularly p-glutamic 
acid. These findings have not been generally con- 
firmed, and a controversy arose which has con- 
tinued to the present. The dispute exists almost 
entirely between the school of Kég]l, a vigorous and 
able protagonist, and an impressive array of equal- 
ly vigorous and able dissenters. While it appears to 
the reviewer that the weight of evidence is still 
against the view of Kégl and his collaborators, the 
recent publication of new and challenging positive 
evidence from the Kégl laboratory makes this 
problem timely again. The following review is of- 
fered in the hope that it will enable oncologists to 
follow this important controversy more easily as 
further developments occur. 

THE OccURRENCE OF D-AMINO AcIDs IN Na- 
TURE.—Due to the initial efforts of Emil Fischer 
and to the extensive studies of Freudenberg, Kar- 
rer, Kuhn, and many others, it appears today that 
all of the amino acids found in the proteins of nor- 
mal tissues have the same arrangement of sub- 
stituents about the asymmetric a-carbon atom.! 
These amino acids belong to the group convention- 
ally termed the “‘L”’ series. Indeed, so great did the 
preference of living systems for the L-amino acids 
once seem that their optical isomers, the D-amino 
acids, were regarded as the “unnatural” forms. 
However, since 1935 it has become evident that 

' The stereochemistry of the amino acids is treated fully in 
the excellent review by Neuberger (44). 

Received for publication December 7, 1949. 


D-amino acids do occur occasionally in nature, par- 
ticularly in products derived from certain molds 
and bacteria (44). Thus, p-proline occurs in a num- 
ber of the ergot alkaloids, while penicillin contains 
a derivative of p-cysteine. Similarly, certain cyclic 
polypeptides contain D-amino acid residues, e.g., 
gramicidin (p-leucine and D-valine), tyrocidin and 
gramicidin S (p-phenylalanine), and polymyxin 
(p-leucine and p-serine). Of special relevance to 
this review is the occurrence of p-glutamic acid as 
the sole constituent of the high molecular weight 
polypeptide in the capsular substance of bacteria 
of the Mesentericus group. In all of these com- 
pounds the acids are bound through amide link- 
ages, and the polypeptides consist largely of a-pep- 
tide chains. Thus, sound precedent exists for the 
supposition that D-amino acids may occur in pro- 
teins. 

THE HypotHesis oF K6eu et al.—While the 
original papers (23, 24, 30) of Kégl and his group 
at Utrecht must be consulted for details on their 
hypothesis, their basic concept is that tumor pro- 
teins are characterized by the presence of certain 
amino acids in the p-form. They infer further that 
the initiation and autonomous character of tumor 
cells are dependent on the formation and main- 
tenance of these p-amino acid units in the cell pro- 
teins. Certainly, there are few, if any, a priori ar- 
guments that can be marshaled against such a 
hypothesis. In fact, it is very attractive, for it pro- 
vides an elementary picture in relatively definite 
chemical terms of how a cell might very subtly 
become and remain independent of the controls 
that govern normal growth. However, after 10 
years and much effort the basic premise of Kégl ef 
al. is still in doubt. 
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THE IsoLaATION PRoBLEM.—In the initial work 
of Kégl and Erxleben (30), the crude proteins 
(saline soluble and insoluble, both extracted with 
cold ethanol) from a number of normal and malig- 
nant tissues were refluxed in 3 volumes of concen- 
trated HCl for 7 hours, and samples of about fif- 
teen amino acids were obtained from the hydroly- 
sates in a relatively pure state. Four? of the acids 
from the tumor proteins exhibited specific rota- 
tions, which indicated that more pD-acid was pres- 
ent than is formed by partial racemization under 
similar conditions in pure solution. These acids 
were leucine, lysine, valine, ard glutamic acid. The 
first three of these appeared to contain about 3—4 
per cent of the p-form, while the glutamic acid 
samples from several tumors were calculated to 
contain as much as 32-45 per cent of the p-form. 
Because of the latter finding and the apparent ease 
with which glutamic acid hydrochloride can be iso- 
lated in the pure state from protein hydrolysates, 
the controversy that soon developed centered 
about glutamic acid alone. 

Kogl and Erxleben (30) employed two purifica- 
tion procedures prior to the crystallization of the 
glutamic acid hydrochloride from the protein hy- 
drolysates. One of these was the familiar Dakin 
extraction, in which the majority of the mono- 
amino- monocarboxy-amino acids were removed 
by extraction with butanol and propanol. More 
generally, however, use was made of the cuprous 
oxide method (2), in which the slightly acid hy- 
drolysate was treated with an excess of cuprous 
oxide to remove humin-like substances, filtered, 
treated with H»S to remove the copper, and fi- 
nally concentrated in vacuo. Subsequent to either 
treatment, the glutamic acid hydrochloride was 
crystallized in the cold after saturation with HC] 
gas. Such preparations generally had the correct 
elementary composition (C, H, N) after one re- 
crystallization. The per cent of p-acid thought to 
be present was calculated from the specific rota- 
tions of these samples. The analyses of several nor- 
mal tissues indicated that only L-glutamic acid was 
present, whereas p-glutamic acid appeared to be 
present in the tumor proteins in varying amounts 
up to 45 per cent of the sample isolated. These and 
later extensive analyses by Ké6gl et al. (16, 25, 33, 
34) also indicated that the amount of p-glutamic 
acid present was roughly proportional to the ma- 
lignancy of the tumor in question. As one would 
expect, many attempts were made to repeat these 


2 In addition “‘6-hydroxyglutamiec acid” was isolated from 
the tumor proteins and was found to be partially racemized. 
However, there is strong evidence against the actual presence 
of this compound in proteins (6, 43). Kégl et al. (33) also ocea- 
sionally observed partially racemized arginine and hydroxy- 
proline in certain tumors. 
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important findings. Within a short time severa] 
notes (3, 5, 45, 55) appeared in which these results 
were confirmed. These notes contained but few 
data, and no more was forthcoming from these 
laboratories after the controversy was in full sway. 
At about the same time, three notes (9, 13, 20) ap- 
peared in which the data of Kégl and Erxleben 
were not confirmed, either by their methods or 
with other isolation procedures. Up to 1944, nine 
extensive papers (1, 11, 17, 18, 22, 42, 53, 54, 56) 
and several shorter communications (15, 20, 41, 
51) were published from many laboratories which 
contradicted Kégl at nearly every turn. Kégl did 
not remain silent, and up to 1943 his group pub- 
lished at least ten original papers dealing with 
more analyses and different attacks on the prob- 
lem and in which their initial results were repeat- 
edly confirmed. 

In the first attempts to confirm the Utrecht 
workers, Chibnall et al. (9) and Graff (17) used 
modified Foreman methods for the isolation of 
glutamic acid and could obtain only the L-isomer 
from tumors. With their methods the Ca or Ba 
salts of the dicarboxy acids were precipitated with 
alcohol, the free acids subsequently liberated, and 
the glutamic acid hydrochloride crystallized in the 
usual way. Kégl et al. (31) replied that these re- 
sults were to be expected with the Foreman meth- 
od, since the Ca salt of the pL-acid was over ten 
times as soluble as the salts of either isomer; thus, 
any D-acid present would remain behind in the 
mother-liquors as the racemate. To demonstrate 
this, they presented results (32, 36) showing that 
DL-glutamic acid added to a hydrolysate of nor- 
mal protein could not be recovered by the Fore- 
man procedure. However, none of these results 
were confirmed by others (10, 11, 18, 22) who 
found that the Ca and Ba salts of the DL-, L-, and 
p-acids all had the same solubilities and that added 
pL-acid could be recovered from protein hydroly- 
sates by the Foreman method. Chibnall et al. (11) 
list several possible reasons for the failure of this 
method in the hands of Kégl et al. However, the 
only rebuttal made by the latter group is con- 
tained in a footnote to a paper published in 1943 
(37). Here they stated that, while they could ob- 
tain the three equally soluble salts of glutamic 
acid, it had not been possible to define the condi- 
tions under which either the easily or difficultly 
soluble salts could be regularly obtained. Hence, 
these contradictions remain to be resolved. 

Other difficulties were soon encountered even 
when the methods of Kégl and Erxleben were 
closely followed. The initial data presented by 
Kégl et al. show that the amounts of glutamic acid 
hydrochloride that they obtained from the protein 
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hydrolysates were, in general, quite small and rep- 
resented only a small part (less than 10 per cent) 
of the total glutamic acid estimated to be present. 
However, Kégl et al. believed that the optical 
analyses of these samples would give the minimum 
amount of p-glutamic acid present, since they 
found (32) that in pure solution pL-glutamic acid 
hydrochloride is twice as soluble as the hydro- 
chlorides of either isomer. Hence, they reasoned 
that the first crop of acid from a hydrolysate would 
be less racemized than any succeeding crops and 
on analysis would give a minimal figure for the per 
cent of p-acid present. While the other workers 
agree on the solubilities of the pure hydrochlorides 
in pure solution (11, 18), they did not find that 
these relationships held in an optically active me- 
dium such as a protein hydrolysate. The data of 
Chibnall et al. (11) and of Woodward et al. (56) 
demonstrate that in the Dakin and cuprous oxide 
procedures the specific rotations of successive 
crops of glutamic acid hydrochloride from tumor 
hydrolysates either approach or do not deviate es- 
sentially from the rotation of the L-acid.* Hence, 
it is not permissible to calculate the amount of 
p-acid present solely from the specific rotation of 
the first fraction: instead, the amounts of the frac- 
tions obtained must also be considered. When this 
is done, the amount of p-glutamic acid present in 
tumor protein hydrolysates appears to be less than 
5 per cent of the total glutamic acid present (9, 10, 
11, 13, 15, 17, 20, 22, 56). Kogl et al. (36) attempt- 
ed to answer this criticism by showing that the 
second crop of acid hydrochloride in several in- 
stances had a slightly lower specific rotation than 
the first crop. Thus, it was inferred from this that 
the isomers of glutamic acid hydrochloride crys- 
tallized from a protein hydrolysate as they do on 
crystallization from pure solution. 

At first the actual yields of glutamic acid hydro- 
chloride obtained by all the workers were relative- 
ly low and of the order of 4-3 per cent of the total 
protein weight taken. In many cases it was esti- 
mated or actually shown (11, 53, 56) that the total 
amount present was of the order of 8-12 per cent 
of the protein weight. However, as the arguments 
continued, each side made greater efforts to obtain 
higher yields. Kégl’s opponents finally obtained 
ylelds up to about 8-10 per cent, but the Utrecht 
workers claim yields by isolation of up to 12.9 per 
cent (26) as well as actual contents of up to 17 per 
cent, as determined by isotope dilution (37). 

Another difference between the two opposing 
groups of workers was soon apparent. While Kég! 
et al. could not detect any p-glutamic acid in hy- 


* The [a]p of L-glutamic acid is +31.7 ° in 9 per cent HC] 
(30). 





drolysates of normal tissue, the other workers 
could find the same low percentage of D-acid in the 
hydrolysates of normal tissues that they found for 
malignant tissues. A similar finding was made in 
the case of aspartic acid (11), which Kégl ef al. 
(30, 33, 34) claim is present only in the L-form in 
both normal and tumor tissues. Several workers 
(11, 51) also found small amounts of p-glutamic 
acid in the acid hydrolysates of normal plant pro- 
teins. There appears to be a general feeling among 
the opposition that these amounts of p-acid result 
from the racemization of L-glutamic acid during 
the acid hydrolysis since the observed racemiza- 
tion of the acid in pure solution is of the same order 
of magnitude (4, 7, 11, 19, 21, 22, 54). It is of inter- 
est here, too, that Kégl’s work prompted the ex- 
amination of the bacteria which induce plant galls 
(8) and of one crystalline plant virus (49) for the 
presence of D-acids; none were found in either case. 
Similarly, Kégl et al. (27, 28) could not find any 
p-glutamic acid in the glutathione contained in 
tumors. 

Early in the controversy, Kégl et al. (32) re- 
ported a rather arresting result. From the very 
malignant Brown-Pearce rabbit tumor they had 
‘arlier reported (30) the isolation of 10.3 per cent 
of the protein weight as pure glutamic acid hy- 
drochloride. This sample exhibited a rotation 
which indicated that 44.5 per cent of the p-form 
was present. The sample was then resolved by fer- 
mentation with yeast to give a sample of pure 
p-glutamic acid (correct C, H, N analyses and ro- 
tation) in a yield of 30.5 per cent of what was pre- 
sumed to be present originally. Naturally, the 
opposition has never had the opportunity to check 
this positive result, but it does represent a minimal 
content of p-glutamic acid which is still several- 
fold higher than the levels found by the other 
workers in either normal or tumor tissues. The de- 
tailed presentation of more results like this, but in 
which the optical purity of the resolved isomer was 
rigorously proved, would do much for the cause of 
Kogl et al. 

The most recent communications in which the 
isolation of highly racemized glutamic acid from 
tumor tissue could not be confirmed were from 
three German laboratories. Abderhalden (1) ob- 
tained p-glutamic acid from tumor tissues but not 
from normal tissues; however, he could not find 
more than a few per cent of the D-isomer in the 
glutamic acid of tumors. His paper is largely con- 
cerned with the difficulties encountered in obtain- 
ing pure glutamic acid in large yields from protein 
hydrolysates. Wieland (53) introduced a new 

4 A sample of pure p-glutamic acid was also recovered from 
an ovarian carcinoma, but the yield was low. 
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method for the isolation of the dicarboxy acids. 
These acids were adsorbed from the hydrolysate 
on an acidified alumina column and then eluted 
with barium hydroxide. Wieland showed that 
cystine is not present in the dicarboxy acid frac- 
tion obtained with this method and that it can be 
used to recover racemic glutamic acid added to a 
tumor protein hydrolysate. However, Wieland 
could only find minimal amounts of pb-glutamic 
acid in hydrolysates of normal or malignant tissue. 
Klingmiiller (22) also could not confirm Kégl’s re- 
sults, using either the cuprous oxide, Dakin, or 
Foreman procedures. Klingmiiller carefully tested 
ach of his acid samples for cystine and showed 
that none was present; if a few per cent of cystine 
dihydrochloride, a possible contaminant, were 
present, it would not alter the C, H, and N analy- 
ses significantly, but the specific rotation of the 
sample would be lowered greatly because of the 
high levo-rotatory power of this acid.° 

It would appear, in retrospect, that too little at- 
tention has been paid by the Utrecht school and by 
some of the other workers to the criteria of purity 
necessary to demonstrate that the optical rotation 
of any given sample of glutamic acid is actually a 
measure of the p-glutamic acid contained therein. 
Some authors, for example, have reported only 
melting points (3, 5, 12, 13, 14, 45); this criterion 
is unaffected by impurities such as NaCl, even up 
to 50 per cent (42). Other authors note that both 
NaCl and NH,Cl (1, 11, 22) and other amino acids 
(42) are difficult to remove by recrystallization 
from glutamic acid hydrochloride. This would be 
particularly the case when the recrystallization 1s 
carried out with the small weight losses (10 per 
cent or less) recorded and recommended (31, 32) 
in the papers of Kégl and his collaborators. Such 
contaminants would obviously alter the specific 
rotation, and a substance such as NH «Cl would 
escape detection in the usual ash determination. 
While C, H, N, and ash determinations have been 
used most frequently as criteria of purity, it 1s par- 
ticularly apparent from the work of Klingmiiller 
(22) and Abderhalden (1) that further criteria 
must be applied to elimimate the possibility that 
contaminating amino acids contribute to the ob- 
served optical rotations. Very likely, the tech- 
niques of partition and paper chromatography and 
of microbiological analysis could be applied with 
considerable advantage. Even so, it is difficult to 
explain the differences observed by Kégl et al. be- 


> The contamination of the glutamic acid hydrochloride by 
cystine dihydrochloride would be unlikely if the cuprous oxide 
procedure were applied as given by Bailey et al. (6). The [a]p 
of L-cystine in 3.6 per cent HCI is approximately —220° (22). 
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tween normal and malignant tissues as due to con- 
taminants. 

While it is difficult to summarize the work on 
the isolation of glutamic acid hydrochloride from 
tumor and normal tissues, two points should be 
considered. When Kégl et al. obtained small yields 
of the acid, the preparations probably were opti- 
‘ally pure. Even their opponents could also obtain 
first crops with high degrees of racemization; but 
the disagreement at this point centered about 
Kégl’s assumption that such preparations were 
representative of the total glutamic acid present. 
However, when Kégl et al. obtained large yields of 
the acid hydrochloride, they did not prove that the 
low rotations of these preparations could not have 
been due to contaminating amino acids and salts 
which quite possibly would not have been discov- 
ered by the criteria of purity which were applied. 
In any case, the isolation, in one instance, of a rel- 
atively large amount of “pure” p-glutamie acid 
from a malignant tumor remains to confront 
Koégl’s opposition, although it is clear that this one 
example does not prove Kégl’s general thesis. 

ENZYMATIC StupieEs.—Lipmann et al. (42) em- 
ployed p-amino acid oxidase to test tumor protein 
hydrolysates for the presence of D-amino acids, 
since the specificity of this enzyme for these iso- 
mers Is very great. While they recognized the fact 
that p-glutamic acid is rather slowly attacked by 
the enzyme, they were able to recover p-glutamic 
acid added as the racemate to hydrolysates of nor- 
mal tissue. In no case could they detect more than 
1-3 per cent of p-acid-nitrogen in the total nitro- 
gen of the hydrolysates of tumor proteins. How- 
ever, When Kégl, Herken, and Erxleben (39) em- 
ployed p-amino acid oxidase, they could not re- 
cover added p-isomer from protein hydrolysates 
and concluded that it could not be used in such 
complex mixtures, particularly for an acid as slow- 
ly oxidized as p-glutamic acid. However, Kégl ef 
al. could determine this acid in pure solution with 
the enzyme. This is interesting, since with this 
technique Lipmann et al. still could not detect any 
p-acid in the glutamic acid isolated from tumors. 

It seems likely that several enzymes could be 
employed to destroy a large part of the L-glutamic 
acid present in tumor hydrolysates. If any consid- 
erable quantity of p-glutamic acid were present, 
the remaining glutamic acid would be very highly 
racemized and presumably could be isolated by the 
methods already mentioned. The L-glutamic acid 
decarboxylases, oxidases, and transaminases from 
various sources could be considered here. 

K6gl et al. (35) have also published data on the 
digestibility of tumor proteins in vivo. They noted 
that the feces and urine of dogs fed cooked tumors 
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contained large amounts of peptides, which on hy- 
drolysis yielded highly racemized glutamic acid. 
The feeding of normal tissues yielded only small 
amounts of peptides, which contained no p-glu- 
tamic acid. Aside from the results on the racemiza- 
tion of the glutamie acid in the peptides presuma- 
bly derived from the tumors, the great differences 
observed in this work between normal and tumor 
tissues in terms of the excretion of bound glutamic 
acid should receive some attention from other 
workers. 

[sororpE DILUTION Stupies.—The first applica- 
tion of the powerful analytical method of isotope 
dilution to this problem was made by Graff, Rit- 
tenberg, and Foster (18) in 1940. They employed 
pi-glutamie acid labeled with N” and added this 
to the hydrolysates of six different tumors. After 
boiling the acid hydrolysates for 3 hours to equili- 
brate the added acid with any a-pyrrolidone car- 
boxylic acid formed in the original hydrolysis, 
samples of pure pL- and L-glutamic acid were 1so- 
lated and their isotope contents determined. In no 
‘ase did the isotope analyses indicate that more 
than 1 per cent of p-glutamic acid could have been 
present in the total glutamic acid found in the 
tumor proteins. 

While the experiments of Graff et al. seemed 
very convincing, the Utrecht group performed iso- 
tope experiments with the opposite results. These 
were published by Kégl, Erxleben, and van Veer- 
sen (37) in a paper which contains a large number 
of experiments with deuterio-glutamic acid. Ex- 
cept for a somewhat lower degree of racemization 
in the glutamic acid of tumor tissues by this tech- 
nique, their results were in general a complete re- 
affirmation of their earlier stand. They suggested 
that the negative results of Graff et al. were proba- 
bly due to incomplete mixing of the labeled glu- 
tamic acid with the acid already present in the 
hydrolysates. While Kég] et al. did not provide any 
rational basis for this extraordinary suggestion, 
they did present some data which tended to sup- 
port this explanation. If the tagged acid was added 
after the main hydrolysis had occurred, but before 
the equilibration period, they could only partially 
account for any added p-glutamic acid; on the 
other hand, the addition of the marked compound 
before the acid hydrolysis was performed permitted 
good recoveries of the added p-glutamic acid. 
This surprising finding was soon checked by Wie- 
land and Paul (54), who employed N!*-glutamic 
acid in hydrolysates of the very malignant Brown- 
Pearce tumor employed in much of the work of 
the Utrecht school. Wieland and Paul added the 
labeled acid before the acid hydrolysis according to 
K6égl et al. However, their results were essentially 
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negative and showed that not more than 5 per cent 
of the glutamic acid present in these tumors could 
have been p-glutamic acid. They suggest that the 
results of Kégl ef al. may have been due to labile 
deutertum atoms in the marked acid used by these 
workers. However, the papers of Ratner ef al. (47) 
and Kégl et al. (40) on the lability of certain deu- 
terated glutamic acids in acid do not seem to clari- 
fy this point. 

Somewhat later Rittenberg and Shemin (48) 
also criticized the paper of Kégl et al. (37) on the 
basis that it appeared to contain errors in caleula- 
tion and reasoning in the application of the tech- 
niques of isotope dilution. While these specific 
criticisms were answered recently by the Utrecht 
group in an appendix to a paper on another subject 
(38), the main contradictions apparent between 
the work of Graff et al. and of Wieland and Paul 
with that of Kégl’s group remain unanswered to 
date. 

THe New Data or KO6GL et al.—Despite the 
many contradictions that remain to be clarified, 
the Utrecht school has recently published two pa- 
pers on biochemical experiments which they feel 
again support their original contention that p-glu- 
tamic acid exists in tumor proteins but not in nor- 
mal tissue proteins. 

The first of these recent communications is a 
note published in 1948 (29). In this paper use was 
made of the observation of Ratner (46) that about 
75 per cent of single doses of p-glutamic acid ap- 
peared in the urine of rats as D-a-pyrrolidone car- 
boxylic acid; L-glutamic acid did not yield the cor- 
responding lactam in the urine. Kégl eé¢ al. rea- 
soned that the feeding of tumor proteins should 
produce a similar result if p-glutamic acid actually 
existed in these tissues and was liberated there- 
from in the body. They report that after feeding 
cooked rat tumors (induced by benzpyrene) to a 
dog, a small amount of pure p-a-pyrrolidone car- 
boxylic acid could be isolated from the urine. The 
amount obtained was estimated to be about 10 per 
cent of theoretical on the basis of the usual optical 
analyses of the tumor proteins employed. The 
same dog was later fed beef protein, and the urine 
was extracted as before. However, no attempt was 
made to isolate any a-pyrrolidone carboxylic acid; 
instead a sample of the p-lactam labeled with deu- 
terium was added to the extract and then reiso- 
lated. This material did not show a lowered isotope 
content, so it was concluded that no p-a-pyrroli- 
done carboxylic acid was present in the urine ob- 
tained after feeding the beef protein. The p-lactam 
was also obtained (as p-glutamiec acid after hy- 
drolysis; yield not stated) from the urine of rats 
fed with similar tumors. 
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The second paper appeared in 1949 (26). This 
is largely a résumé of the work by the Utrecht 
group, although it contains several tables of new 
data obtained with the aid of isotopes. At first 
Kégl attempts to show that the hydrolysis pro- 
cedures used by other workers were unable to re- 
lease the p-ghitamic acid present in tumor pro- 
tems. This claim apparently does not agree with 
the earher statement (387) that the amount of 
p-glutamic acid obtained from tumor proteins is 
independent of the time of hydrolysis for periods 
of 7-20 hours. Now Koégl contends that their par- 
ticular method of heating allows the concentration 
of acid (IICL) during the hydrolysis to remain 
for a short time higher than that in the methods 
of his opponents, and produces a higher amino- 
N total-N ratio. In all fairness to the large number 
of workers whose results have been so uniformly 
negative in this controversy, this attempt by Kéegl 
to explain their results appears to be very weak. 
His data on the amino-N/total-N ratios in protein 
hydrolysates made in various ways are not to the 
point. Detailed experiments on the liberation of 
p-glutamic acid from tumor proteins are necessary 
if this explanation is to be used to explain the dif- 
ficulties so widely experienced in the efforts to con- 
firm the Utrecht school. 

Much of the new data presented in the second 
paper are concerned with the administration of 
1.0 and various deuterated amino acids to normal 
and tumor-bearing rats. While few experimental 
details are given, the data indicate that the p-glu- 
tamic acid present in tumors originates by a differ- 
ent metabolic pathway from that employed in the 
biosynthesis of the L-isomer. In conclusion, Kég]l 
presents a few data on what he regards as an “ev- 
perimentum crucis.” In this case, D-glutamic acid 
labeled with C'™ in the carboxyl-carbon and a-car- 
bon atoms (38) was injected into normal and tu- 
mor-bearing rats. The expectation was that the 
latter rats would normally excrete a small amount 
of p-a-pyrrolidone carboxylic acid derived from 
the tumors, which would dilute any of this com- 
pound formed from the administered p-glutamic 
acid. The data indicate that a small but definite di- 
lution of the isotope occurred in the acid derived 
from the urine of the tumor-bearing rats but not 
in the acid from the urine of the normal rats. Fur- 
thermore, each isomer of glutamic acid was 1so- 
lated from the tumor proteins, and only the pD-iso- 
mer was found to be radioactive. 

The most recent paper (38) from Kégl’s labora- 
tory is concerned with the synthesis of the p-glu- 
tamic acid-1,2-C!* used in the work just men- 
tioned. Kégl et al. repcrt a yield of the p-acid of 
102.5 per cent by resolution (through recrystalli- 
zation) of a mixture of 2 parts of the radioactive 





~~ 


pL-acid with 1 part of inactive p-acid. This result 
is apparently due to the presence of a few per cent 
of the racemate. While it seems unlikely that the 
small amount of L-acid (with twice the specific ac- 
tivity) present could have played a role in the bio- 
chemical experiments, it would appear that the 
yield should be sacrificed for greater purity. 

It is apparent that publication of the full details 
on these new experiments, as well as their repeti- 
tion in other laboratories, will be necessary for 
their evaluation. 

Poss BILITIES EMPHASIZED BY THE CONTROVER- 
sy.—While it 1s hoped that this dispute will yet 
produce some positive information of value to on- 
cology, 1t probably will stimulate interest in the 
general problem of the presence or absence of p- 
amino acids in proteins. Thus, even though it is 
generally held that the rates of racemization of 
L-glutamic acid under various conditions of hy- 
drolysis are sufficient to account for the low levels 
of p-glutamic acid found in protein hydrolysates, 
these findings do not exclude other possibilities. 
For it is also possible either that low levels of the 
p-acid actually exist in some proteins or that some 
of the L-residues in certain proteins are in peptide 
sequences which would be easily racemized upon 
hydrolysis. Indeed, some evidence exists that acid 
hydrolysis may bring about the racemization of 
L-glutamic acid in certain synthetic peptides (52). 
Nor is it inconceivable that amino acid racemases 
may exist. The presence of such enzymes would 
complicate the interpretation of the biochemical 
experiments reported by K6gl et al. On the other 
hand, it is interesting to speculate on the mode of 
action of carcinogens if one assumes that the 
claims of the Utrecht group are even partially cor- 
rect. Such agents might induce either racemization 
within peptide chains or they may cause the for- 
mation of easily racemizable sequences of amino 
acids in proteins. It would appear that the great 
rariety of the known carcinogenic agents would 
cause little difficulty in such concepts. Finally, the 
controversy may perhaps focus more attention on 
the symmetry of the synthesis of amino acids in 
vivo. The data of Shemin and Rittenberg (50) seem 
to indicate clearly that the biosyntheses of glu- 
tamic acid and tyrosine are totally asymmetric in 
the rat. However, the biosyntheses of the other 
amino acids need to be examined in this regard. 
Such studies may give a clue as to the function of 
D-amino acid oxidase. 

In any event, the reviewer feels that few scien- 
tists would share Kégl’s conviction in 1949 (26) 
that the existence of p-glutamic acid in tumor pro- 
teins is now finally established. The burden of 
proof still lies with the Utrecht school. 











APPENDIX 

After this review was submitted for publication, 
a note by P. Boulanger and R. Osteux (Compt. 
rend., 229:311-13, 1949) on “‘Caractérisation et 
dosage de acide d-glutamique dans les protéines 
de tissus normaux et néoplastiques et les protéines 
microbiennes” came to the author’s attention. 
These workers isolated glutamic acid from hy- 
drolysates of the proteins by adsorption on acidi- 
fied alumina and elution with dilute acetic acid. 
The purity of the eluate was verified by paper 
| chromatography, and the L-glutamic acid present 
, in the total glutamic acid was determined with a 
bacterial L-glutamic acid decarboxylase. Following 
the destruction of the L-glutamic acid by the en- 
zyme, the preparations were chromatographed on 
paper to obtain concentrates of the p-glutamic 
acid that remained. Good recoveries of added 
p-glutamic acid were obtained, and the method 
was considered to be capable of detecting as little 
as 0.5 per cent of p-glutamic acid in the total glu- 
tamic acid. Boulanger and Osteux found 0.6—2.4 
per cent of the p-acid in the glutamic acid from a 
variety of both normal and tumor proteins. As ex- 
pected the glutamic acid from Bacillus anthracis 
contained a high level (approx. 40 per cent) of 
p-glutamic acid. Four other bacterial species were 
examined and 1.2—7.6 per cent of the glutamic acid 
was found to be in the p-form. 
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formation of Carcinogens from Skin Fats" 
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\ close connection between exposure to  sun- 
shine and development of skin cancers has long 
been postulated on clinical grounds. Precancerous 
and cancerous lesions of the skin oceur most fre- 
quently on uncovered parts. According to our own 
material the faee, ears, neck, and dorsa of hands 
account for 91.1 per cent of all skin cancers (Ta- 
ble 1). Phe high frequeney of multiple preeancer- 

TABLE 1 
SKIN CANCERS: DISTRIBUTION ACCORDING TO SITE* 
NONEX POSED 


iE xposep PARTIALLY EXPOSED 


Per Per Per 
Site cent Site cent Site cent 
Mace 870 Arm 1.2 Back 3 Q 
Mar 1.6 Sealp 0.9 Chest 1.2 
Neck 1.6 Abd. 1.2 
Hand 0.9 Thigh 0.9 

Ol | ) 2 1 6.5 


*Statistics based on 246 cases seen in the Dermatology Clinie of the 
University of Chicago from 1980 to 1946. 


ous keratoses and carcinomas among persons who 
spend most of their life outdoors and are exposed 
to relatively high intensities of ultraviolet light has 
been known for more than half a century (1, 2, 3). 
Recent statistics have shown that the incidence of 
skin and lip cancers is more than twice as high in 
the southern parts of the United States (at 32° 
latitude) than in the central states (at 38° latitude) 
(4). It has also been shown that there is a higher in- 
cidence of skin cancer in whites than in Negroes 
(4), whose skin affords greater protection against 
ultraviolet light. 

Although repeated exposure of mice to ultravio- 
let light results in the production of malignant le- 
sions of the skin (5, 6, 7, 8), this is not the effect of 
irradiation on rabbits (9). 

Several theories have been proposed for the 
mode of action of ultraviolet light as a carcinogenic 
agent in man: (a) mutation, (6) chronic irritation, 

* This work was supported in part by an Institutional Re- 


search Grant from the American Cancer Society. 
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and (¢) photochemical formation of carcinogenic 
compounds on the skin surface. This latter theory, 
specifically suggesting that radiant energy acts in- 
directly by converting sterols on the skin surface 
into caremogens, has been proposed by Roffo 
(10, 11). This author, however, did not present di- 
rect evidence for such photochemical conversion. 
Contrary to Roffo’s theory, Bergmann et al. found 
that cholesterol irradiated with ultraviolet light 
was nol carcmogenic under their experimental con- 
ditions (12). The theory of photochemical forma- 
tion of carcinogens from skin fats has been recently 
investigated in an extended and thorough study 
by Mohs (13), who also failed to prove the validity 
of this theory. 

The recent publication of Mohs prompted us to 
give a short report on experiments carried out on 
this subject in the last four years in this laboratory. 
Our results were also negative, but our experimen- 
tal material differed considerably from that of 
Mohs. 

In addition to cholesterol, skin surface fats con- 
tain “‘isocholesterols’’ (lanosterol and agnosterol), 
which have been isolated from wool fat and studied 
extensively by Windaus (14) and by Marker et al. 
(15). Previously, less well defined cholesterol de- 
rivatives called “‘oxycholesterol” have been iso- 
lated and studied by Lifschutz (16). In this labora- 
tory the occurrence of “‘isocholesterol” in human 
hair fat has been recently demonstrated. We were 
particularly concerned whether these unusual 
steroid compounds, characteristically occurring 
only in skin fats, might act as carcinogens when 
irradiated. 

During the time of our studies, the report of 
Plaut and Kohn-Speyer was _ published that 
smegma is carcinogenic (17), a further indication 
that carcinogens possibly may be formed from 
skin fats. 


MATERIALS AND METHODS 


Two sources of skin surface fat were used: (a) 
human hair fat obtained by ether extraction of 
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scalp hair of adult males collected in barber shops 
(18, 19) and (6) wool fat. 

Digitonin precipitable fraction—In the first 
series of experiments the possible carcinogenic ac- 
tion of the irradiated digitonin-precipitable frac- 
tion of human hair fat was investigated. 

The free fatty acids were removed from the total 
fat by extraction with cold 1 per cent NaOH. The 
remaining “neutral fat fraction” was saponified, 
the saponified material extracted with ether, and 
digitonin was added to the ether extract. The 
sterol-digitonide precipitate was separated by fil- 
tration, washed with ether, and then dissolved in 
pyridine. The digitonin was then precipitated with 
ether. After filtration and evaporation of the ether 
and pyridine, the remaining material was used as 
the “‘digitonin-precipitable sterol fraction.”’ This 
fraction was dissolved in benzene in a 10 per cent 
concentration and divided into three portions. One 
portion was used as nonirradiated control, and the 
two other portions were irradiated. All irradiations 
were carried out with a Hanovia Alpine hot quartz 
mercury lamp, the average erythema dose of which 
was 3 minutes on human skin at 30 inches. Small 
portions of the material were spread out on a flat 
evaporating dish to a depth of approximately 2-3 
mm. Solutions were stirred constantly during the 
irradiation. 

The painting on the skin was done as follows: 
fifty female albino mice (strain CF1) were used; 
they were divided into five groups; the pinna of the 
left ear of each mouse was painted once daily six 
times per week with the following materials: (a) 10 
per cent sterol in benzene irradiated (10 erythema 
doses); (6) 10 per cent sterol in benzene irradiated 
(62 erythema doses); (c) 10 per cent sterol in ben- 
zene nonirradiated; (d) pure benzene; and (e) 10 
per cent “neutral hair fat fraction” in benzene. 

The paintings with benzene solutions were car- 
ried out for 3 months; subsequently, propylene 
glycol was substituted as the vehicle for 12 
months; and finally, for 3 more months, benzene 
was used again as the solvent. At the end of the 
total of 18 months, eleven animals were dead, rep- 
resenting each of the five groups. A. biopsy was 
made of the left ears of all dying mice. No signs of 
precancerous or cancerous changes were noted. At 
the end of the 18-month period, none of the 39 
surviving mice showed any macroscopic evidence 
of tumor formation. 

Isocholesterol fractton—The amyl alcohol sol- 
uble part of the U.S.P. anhydrous wool fat (the so- 
called “soft fat’) was saponified. The unsaponifi- 
able material was taken up in petroleum ether and 
washed several times. One part of the unsaponi- 
fiable material was triturated with methanol at 








55°-60° C. A yellowish-white waxy material re- 
sulted, and this material was used asa “crude iso- 
cholesterol preparation” in our experiments. In an- 
other set of experiments the total unsaponifiable 
fraction of wool fat was used. 

As in the experiments with digitonin-precipi- 
table sterols, these materials were irradiated with 
raried doses of ultraviolet light. For these irradia- 
tions the materials were dissolved in ether instead 
of benzene, but otherwise the same technique was 
employed. After the irradiation the ether was evap- 
orated and the material dissolved in benzene to 
make a concentration of 10 per cent. 

The following samples were used for painting 
the ears of mice: 
A. Total unsaponifiable portions of wool fat con- 

taining isocholesterol, other sterols, and wax 
alcohols: 


1. 10 per cent in benzene irradiated (4 ery- 
thema doses) 

2. 10 per cent in benzene irradiated (2 ery- 
thema doses) 

3. 10 per cent in benzene irradiated (1 ery- 
thema dose) 

4. 10 per cent in benzene nonirradiated 

5. pure benzene 

Bb. Methyl alcohol insoluble fraction of the un- 

saponifiable material from wool fat (crude iso- 

cholesterol fraction) 

1. 10 per cent in benzene irradiated (4 ery- 
thema doses) 

2. 10 per cent in benzene irradiated (2 ery- 
thema doses) 

3. 10 per cent in benzene irradiated (1 ery- 
thema dose) 

4. 10 per cent in benzene nonirradiated 


Female albino mice (strain CF1) were used for 
portion A. Male albino mice (strain CF1) were 
used for portion B. The respective materials were 
painted on the outer surface of the pinna of the 
left ear once daily six times per week for 15 
months. There were ten mice in each group, a total 
of 90 mice. 

Of 90 mice, 70 survived the experiment. The 20 
mice which died were approximately equally dis- 
tributed among the nine groups. Sections were pre- 
pared from the left ears of all mice that died. No 
precancerous or cancerous changes were noted his- 
tologically. By inspection no changes have been 
noted in the ears of the surviving mice to date. 


DISCUSSION 


Roffo (10) stressed the fact that cholesterol mi- 
grates to those parts of the skin which are sub- 
jected to light, and that under the influence of ul- 
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traviolet light the sterol is altered. He stated that 
cholesterol is photo-oxidized by ultraviolet light in 
the presence of air, loses its side-chain, undergoes 
esterification of the tetra-cyclic ring system, and is 
finally dehydrated to a carcinogen resembling de- 
rivatives of the phenanthrene series. 

Some of Roffo’s findings have been confirmed, 
namely, that exposed areas of the human skin have 
a higher cholesterol content than that of unex- 
posed areas, and that the cholesterol content of 
the skin of rats can be increased by irradiation 
with sunlight or the light of a mercury vapor lamp 
(20). 

Bergmann and Stavely (12) painted mice twice 
weekly with a 5 per cent solution of intensely ir- 
radiated cholesterol (from wool fat) in benzene for 
2! years. Twenty per cent of the mice developed 
tumors, but not at the site of painting. The con- 
clusions of these authors were that (a) the applica- 
tion of irradiated cholesterol produces neither be- 
nign nor malignant skin tumors in loco and (b) 
skin changes after such applications consist only of 
depilation, thickening of the corium, slight in- 
crease in keratinization, and increased pigmenta- 
tion. 

Baumann ef al. (21) found that no carcinogenic 
effect of ultraviolet light was elicited in rabbits by 
a high cholesterol diet; nor did such a diet affect 
the development of rabbit papilloma or hepatoma. 

Increased intake of fat has been shown to hasten 
the development of epithelial tumors. Twort and 
Twort (22) have stressed the stimulating effect of 
oleic acid. Baumann and Rusch (23) showed that 
ultraviolet light tumors were produced more rap- 
idly on high fat diets. However, the addition of 
2 per cent cholesterol to the high fat diet did not 
affect the rate of tumor development. 

Rusch (24) found that the painting of choles- 
terol in cottonseed oil on the ears of mice increased 
the carcinogenic action of ultraviolet light. How- 
ever, control experiments revealed that this was an 
effect of cottonseed oil rather than of cholesterol. 

Mohs (11) has recently published experiments in 
which he attempted to find extractable carcinogens 
in the skin of patients with multiple precancerous 
keratoses. Daily washings with benzene of one side 
of the face of patients with multiple keratoses were 
made. This material was (a) painted on the skin of 
mice, (b) painted on in combination with croton 
oil, (c) painted on the ears of mice and followed by 
ultraviolet irradiation, and (d) injected subcutane- 
ously. After 2 years no tumors were produced with 
any of these methods. Implantation of human 
keratoses into rats likewise had negative results. 

The incidence of carcinoma in patients with 
multiple keratoses which were washed with ben- 


zene on one side of the face was exactly the same 
on both the washed and unwashed sides. 

Our experiments were carried out with the ir- 
radiation products of three different fractions ob- 
tained from skin surface fats: (a) total digitonin- 
precipitable fraction of human hair fat containing 
cholesterol and probably some poorly defined 
cholesterol derivatives (‘‘oxycholesterols” of Lif- 
schutz), (b) crude isocholesterol preparation from 
wool fat, and (c) the total unsaponifiable fraction 
of human hair fat. All these experiments yielded 
negative results. 

The uniformly negative conclusions of several 
authors indicate that the theory of Roffo concern- 
ing the role of sterols in the production of skin can- 
cers cannot be confirmed experimentally. 

There is still a possibility that skin fats, when 
irradiated, may act as carcinogens. So far, in this 
connection, no attention has been paid to the fact 
that the skin surface fats contain a great variety of 
free fatty acids (25, 26). Theoretically it is pos- 
sible that the irradiation, or other decomposition 
products of these acids, are carcinogenic. Experi- 
ments to investigate this point are being carried 
out at the present time in this department. 


SUMMARY 
Irradiation products of skin surface fats, includ- 
ing digitonin-precipitable sterols, isocholesterols, 
and total unsaponifiable fractions, were painted 
on the ears of white mice for periods of from 15 to 
18 months, but failed to produce precancerous or 
cancerous changes that could be noted histologi- 
cally. Therefore, the theory of photochemical for- 
mation of carcinogenic compounds on the surface 
of the skin by ultraviolet irradiation could not be 

substantiated by this method. 


REFERENCES 

1. Unna, P. G. Histopathologie der Hautkrankheiten, p. 719. 
Berlin, 1894. 

2. Hype, J. N. On the Influence of Light in the Production of 
Cancer of the Skin. Am. J. M. Se., 131: 1-22, 1906. 

3. DuBrREvILH, W. Epithéliomatose d’origine solaire. Ann. de 

dermat. et syph., 8:386-416, 1907. 

4. Dorn, H. F. Illness from Cancer in the United States. 
Pub. Health Rep., 59:33-45, 65-77, 97-115, 1944. 

5. Finpuay, G. M. Ultraviolet Light and Skin Cancer. Lan- 
cet, 2: 1070-73, 1928. 

6. Ruscu, H. P., Kure, B. E., and Baumann, C. A. Carcino- 
genesis by Ultraviolet Rays with Reference to Wave- 
lengths and Energy. Arch. Path., 31: 135-46, 1941. 

7. Ruscu, H. P., and Baumann, C. A. Tumor Production in 
Mice with Ultraviolet Irradiation. Am. J. Cancer, 35:55- 
62, 1939. 

8. Buium, H. F., Grapy, H. T., and Smitn, K. Relationships 
between Dosage and Rate of Tumor Induction in Ultra- 
violet Light. J. Nat. Cancer Inst., 3:91-97, 1942. 

9. RotuMan, S., and BERNHARDT, L. Ultraviolettes Licht und 








76 


10. 


16. 


. BeramMann, W., Stavery. H. E.: 


. Mons, F. E. 


tr, 
‘ beh 


C’ancer 


Kntstehung der Hautkrebse. Klin. Wehnschr., 8:1458- 


59, 1929. 
Rorro, A. H. Bol. Inst. de med. exper. para el estud. y 
trat. d. cancer, 6:370, 1929. 

. Heliotropism of Cholesterol in Relation to Skin 
Cancer. Am. J. Cancer, 17: 42-57, 1933. 
STRONG, L. C., and 
Samitu, G. M. Studies on the Hypothetical Carcinogenicity 
of Irradiated Sterols; Effects of Irradiated Cholesterol on 
the Skin of Mice. Am. J. Cancer, 38:81-85, 1940. 
Lack of Extractable Carcinogens in the Skin 
of Patients with Multiple Precancerous Keratoses of Ac- 
tinie Origin. Cancer Research, 8:371—75, 1948. 


. Wiypaus, A., and Tscuescur, R. Uber das sogenannte 


‘“Tsocholesterin”” des Wollfettes. Ztschr. f. physiol. Chem., 
190: 51-61, 1930. 


. MarKker, E. R., Wirtie, E. L., and Mrxon, L. W. Ster- 


ols XVI, Lanosterol and Agnosterol. J. Am. Chem. Soc., 
59: 1368-71, 1937. 

Lirscuutz, J. Die Oxydationsprodukte des Cholesterins in 
den tierischen Organen. Ztschr. f. physiol. Chem., 63: 140- 
47, 1907. 


. Puaut, A., and Koun-Speyer, A. C. The Carcinogenic 


Action of Smegma. Science, 105:391—92, 1947. 


. Roruman, S., Smiuganic, A., SHaprro, A. L., and Werr- 


KAMP, A. W. The Spontaneous Cure of Tinea Capitis in 
Puberty. J. Invest. Dermat., 8:81-98, 1947. 


Research 


19. 


20). 


22. 


23. 


25. 


26. 





a as 


ROTHMAN, S., SMILJANIC, A., and WerrKampe, A. W. Mech- 
anism of Spontaneous Cure in Puberty of Ringworm of the 
Sealp. Science, 104: 201-3, 1946. 

KNupsON, A., SturpDGEsS, S., and Bryan, W. R. Choles- 
terol Content of Skin, Blood, and Tumor Tissue in Rats 
Irradiated with Ultraviolet Light. J. Biol. Chem., 123: 
Sei. Proc. LX X, 1938. 


. Baumann, C. A., Ruscn, H. P., Kure, B. E., and Jacost, 


H. P. Does Cholesterol Stimulate Tumor Development? 
Am. J. Cancer, 38:76-80, 1940. 

Twort, J. M., and Twort, C. C. Comparative Activity of 
Some Carcinogenic Hydrocarbons. Am. J. Cancer, 35: 80- 
$5, 1939. 

BAUMANN, C. A., and Ruscu, H. P. Effect of Diet on Tu- 
mors Induced by Ultraviolet Light. Am. J. Cancer, 35: 
213-21, 1939. 


. Ruscu, H. P., BAUMANN, C. A., and Kure, B. E. Effect 


of Local Applications on the Development of Ultraviolet 
Light Tumors. Proc. Soc. Exper. Biol. & Med., 42: 508-12, 
1939. 

Weirkamp, A. W., and Brunstrum, L. C. Analysis of 
Fatty Acids by Ester Fractionation. Oil & Soap, 18 : 47, 
1941. 

WeitKamp, A. W., Smiusanic, A., and RotumMan, 8. The 
Free Fatty Acids of Human Hair Fat. J. Am. Chem. Soc., 
69: 1936-39, 1947. 














A Comparison of Tumor and Normal Tissues with Respect 
to Factors Affecting the Rate of Anaerobic Glycolysis* 


G. A. LePace, Pu.D. 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, Madison 6, Wisconsin) 


The studies of Warburg (1) established that rat 
tumor slices possessed a high rate of anaerobic 
and aerobic glycolysis. The anaerobic rates 
were Q®2, = 27-42. Anaerobic glycolysis measure- 
ments with slices of rat brain (2, 3) gave somewhat 
lower values (QS, = 15). Slices of both tumor 
and brain appeared able to utilize glucose in an- 
aerobic glycolysis. In striking contrast, slices of 
other rat tissues, the most thoroughly investigated 
of which is the liver (4, 5, 6), did not utilize glucose 
anaerobically. Burk (4) reported that the average 
rate for liver slices was approximately Q%3, = 1. 
It is evident that such a low rate of glycolysis 
does not represent the behavior of the tissue in the 
body, where hypoxia quickly results in the accu- 
mulation of lactic acid to levels six- to tenfold the 
normal resting levels (7, 8, 9). 

The use of slices places some limitations on a 
study of the mechanism by which the glucose uti- 
lization is controlled. With slices it is not possible 
to use phosphorylated intermediates, since rela- 
tively undamaged cells are not permeable to these 
intermediates. While tissue extracts are very use- 
ful for certain types of work on this problem, limi- 
tations on the use of tissue fractions have been 
pointed out by LePage and Schneider (10). Ac- 
cordingly, our studies of this problem were carried 
out with whole homogenates of the tissues. It has 
been reported that homogenates of Flexner-Job- 
ling rat carcinoma and rat brain are able to glyco- 
lyze glucose for anaerobic glycolysis and that ho- 
mogenates of rat liver and kidney do not utilize 
glucose for anaerobic glycolysis (11, 12). From a 
report by Potter on oxidative phosphorylation 
with rat tissue homogenates (13), it is evident that 
the lack of utilization of glucose by homogenates 
of rat kidney is not limited to anaerobie condi- 
tions, since glucose was not utilized even in the 
presence of a functioning oxidative system. 

The purposes of this paper are (a) to demonstrate 
that the potential glycolytic rate of normal rat 
tissues is as great or greater than that of rat tumor 
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tissue, (6) to demonstrate that the reason certain 
normal tissues exhibit very low glycolytic rates on 
glucose is related to their inability to phosphory- 
late the sugar, (c) to show that although the results 
described by the Coris (14, 15, 16) and their co- 
workers were not strictly applicable to this situa- 
tion, some hormone influence related to adrenal 
function is probably responsible for inhibition of 
the glucose phosphorylation step in these homoge- 
nates, (d) to present data concerning the effects of 
varied glucose and insulin additions on rat tissue 
homogenates, and (e) to demonstrate that tumor 
and brain tissue homogenates remain in a class 
distinct from the homogenates of liver, kidney, 
and diaphragm in respect to the effects of glucose 
and insulin. 


METHODS 


Albino rats of both sexes, weighing, except when 
otherwise specified, 200-300 gm., were obtained 
for this study from the Holzmann Rat Company. 
Animals were killed by decapitation, and tissues 
removed to iced saline. Homogenates were made in 
isotonic potassium chloride. Lrocedures for_an- 
aerobic glycolysis were those previously describe 
(11). The-medium-which was used is optimal for 
glycolysis with homogenates of brain and Flexner- 
Jobling carcinoma. When supplemented with addi- 
tional hexosediphosphate (HDP), it gives essen- 
tially maximum rates for the homogenates of liver, 
kidney, and diaphragm muscle. This basic medium 
is outlined in Table 1. The tumors were obtained 





TABLE 1 
COMPOSITION OF GLYCOLYSIS MEDIUM 
Potassium phosphate 0.0024 M 
Potassium bicarbonate 0.025 M 
Nicotinamide 0.040 M 
Adenosine triphosphate* 0.00033 M 
Diphosphopyridine nucleotide* 0.00020 M 
Hexosediphosphate* 0.0020 M 
Glucose 0.010 M 
Pyruvic acid* 0.0075 M 
Magnesium chloride 0.0066 M 
Potassium fluoride 0.010 ™M 


Tissue homogenate in 0.15 M KC] 
H.O > 3 0 ml. 
pH=7.4 





* As potassium salts. 
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by subcutaneous implantation of tumor mince, 
and were used 8-10 days after implantation, when 
the tumors weighed 500-1,000 mg. and were essen- 
tially free from necrosis. 


RESULTS 
Rares or» GLYCOLYSIS IN Various ‘TISSUES 


Table 2 shows the maximum rates of glycolysis 


TABLE 2 
MEAXIMUM RATES OF ANAEROBIC GLYCOLYSIS OBTAINED 
WITH HOMOGENATES OF RAT CPISSUES, WERTH EXCESS 
HDP AND GLUCOSE AS SUBSTRATES 


Kach figure represents the average of results from 3-10 ex- 
periments. Qiycca. represents the cubic millimeters of CO. re- 
leased per milligram dry weight of tissue-per hour calculated 


from chemical measurements of lactic acid 


(); retie 


Basic medium Baste medium, 


Tissue Basic medium with doubled doubled HEDP, 
with doubled HDP + ade minus 
Hb nvlie acid* fluoride 
Heart t 119 121 121 
Skeletal muscle Lie 110 11s 
Diaphragm 168 170 165 
muscle 
Kidney OS O65 100 
Liver 78 SY SY 
Brain 76 80 80 
Flexner-Jobling 
carcinoma 74 73 S35 
Walker 256 car- GS + 79 
cinosarcoma 
Jensen sarcoma SO 80 Qs 


* Added as 3 micromoles per tlask to determine whether phosphate 
acceptor was the limiting factor, 

fit has not been established that conditions were optimal for these two 
Lissues. 


obtained with a variety of rat tissues and rat tu- 
mors. Experiments made with and without fluoride 
and adenylic acid are indicated in ‘Table 2. The 
addition of adenylic acid without any increase in 
glycolytic rate mdicates that the phosphate ac- 
ceptor was not limiting. The rates for experiments 
without fluoride tend to be slightly higher—1indi- 
cating that enzymes below the point of fluoride in- 
hibition, the phosphoglyceric acid stage, are not 
limiting. It appears likely that triosephosphate de- 
hydrogenase is the limiting factor. [t is apparent 
from these data that the potential glycolytic rates 
of several normal rat tissues considerably exceed 
those of tumor tissue when hexosediphosphate 1s 
used as the substrate. Table 3 presents the data 
obtained when the homogenates of various rat 
tissues are permitted to glycolyze 40 minutes in the 
basic medium described in Table 1. [It 1s obvious 
from these data that brain and Flexner-Jobling 
carcinoma are utilizing glucose, that heart utilizes 
it to a considerable extent, and that kidney, liver, 
diaphragm, and skeletal muscle are not utilizing 
it to any appreciable extent. Data are also included 


on mixtures supplemented with insulin. The effeet 
of added insulin appears negligible. The phospho- 
rus outpul is largely due to breakdown of adeno- 
sine triphosphate (ATP). 

To define the step in the glycolytic reactions 
which was directly responsible for this inhibition 
of glucose utilization, experiments were carried oul 
with fructose-6-phos- 
phate in addition to the hexosediphosphate. Ta- 
ble + shows the results. [tis immediately obvious 
that all the rat Ussues are able to glycolyze glu- 
cose-6-phosphate and fructose-6-phosphate in ad- 
dition to their rapid utilization of hexosediphos- 
phate. A. 40-minute incubation was used to obtain 
the best evaluation of phosphorus uptake, instead 
of the time necessary fora complete reaction. This 
establishes the initial phosphorylation of glucose as 


vlucose-6-phosphate and 


the limiting factor in the glycolysis of glucose. The 
Inhibition of this reaction, known as the “hexo- 
kinase’ reaction, seems to be responsible for the 
low rates of anaerobic and aerobic glycolysis that 
have been observed for slices of rat liver and kid- 
ney. Since there is ample evidence to show that 
this reaction is carried on that glucose gets phos- 
phorvlated in these Ussues tn eiro-— some hormone 
balance mechanism, such as that suggested by the 
Coris and their co-workers (1-4, 15, 16), seems like- 
lv. This balance would be lost when the tissues are 
removed from the animal if the inhibitory factor 
ere to remain undissociated. Incubation of ho- 
mogenates of liver and kidney at 0° C. for long pe- 
riods (4-24 hours) or at 37.5° C. for shorter periods 
(up to 3 hour) led to progressive loss in activity. 
But there was no evidence of relief from the in- 
hibition of glucose utilization. However, the tissue 
concentration was much lower here than that used 
by the above authors. A. variety of sodium and 
potasstum ratios was studied, including an all- 
sodium medium with the tissue the only source of 
potassium. Sodium as such appeared to have no tn- 
fluence when the potassium was 0.01 M or greater. 
However, complete omission of potassium or addi- 
tions below 0.01 mM led to rapid decay of the sys- 
tem, rapid dephosphorylation of the ATP, and no 
increase In the effects of insulin additions. 


OBSERVATIONS ON THE COURSE OF REACTION 
IN GLYCOLYZING HOMOGENATES 

Some information concerning the limiting fac- 
tors in glycolysis by the various tissues in the basic 
medium was obtained by analyzing the contents 
of reaction vessels after various incubation peri- 
ods. Analyses were made according to methods de- 
scribed by LePage (17) with one exception. In 
view of the low level of morganic phosphorus 
relative to the hexosediphosphate present, 1t was 
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necessary to use 10 per cent alcohol to precipi- 
tate the barium salt’ of hexosediphosphate com- 
pletely with the “barium insoluble fraction.”” This 
did not interfere with the fractionation of the other 
constituents of the mixture under the cireum- 
stances. The data from this study are illustrated 
in Migure 1. 

Several important facts can be noted from this 
fivure. In three cases there is an accumulation of 
triosephosphate in the reaction medium. This in- 
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in liver and kidney are closely parallel, indicating 
this as the source of phosphate loss rather than 
any hydrolysis of hexosediphosphate. 

Some studies were carried out to determine the 
rate of dephosphorylation of ghucose-6-phosphate 
and fructose-6-phosphate in homogenates of rat 
brain and kidney. The rate of reaction was identi- 
cal with both substrates. Dephosphorylation was 
approximately fivefold greater in kidney than in 
brain. The reaction was proportional to substrate 


TABLE 3 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM NORMAL, INTACT RATS 


hO-minute imeubation with 30 mg. wet weight of tissue except in the case of diaphragm, where 15 mg. was used. Each figure 
represents the average of 15-20 experiments except those for heart and skeletal muscle, where only three experiments were 


available. 
BASIC: MEDIUM 
MINUS GLUCOSE 
Tisser Lactic acid Net P 
production uptake 
Brain 6.0 0.45 
Klexner-Jobling carcinoma (5.2 0 
Liver (. 4 —1.5 
Kidney 6.5 —2.§ 
Diaphragm muscle 5.5 —1.0 
Heart 9 1 —19 
Skeletal muscle 9.0 —%9 


* 100 micrograms of amorphous insulin (2 units) per flask. 


Basic MEDIUM Basic MEDIUM WITH GLU- 


WITH GLUCOSE COSE AND INSULIN* 


Lactic acid Net P Lactic acid Net P 
production uptake production uptake 
micromoles 
9.8 6.5 9.6 6.4 
9.5 4.5 9.5 4.5 
6.8 —1.$ 6.6 —1.4 
6.8 —2 3 6.5 —2.Q 
5.6 —().65 5.6 —0.65 
9.9 —(). $9 
$7 —5.$ 


TABLE 4 


ANAEROBIC GLYCOLYSIS WITH GLUCOSE AND PHOSPHORYLATED SUGARS BY HOMOGENATES OF RAT TISSUES 


40-min. incubation in each case, with 80 mg. wet weight of tissue except in the case of diaphragm (20 mg.). Reaction mixture 


contained cofactors as listed in the basic medium. 


BRAIN DIAPHRAGM KIDNEY LIVER 
SUBSTRATES Lactic acid Net P Lactic acid Net P Lactic acid Net P Lactic acid Net P 
ADDED production uptake production uptake production uptake production uptake 
micromoles 

0 0.1 —0.6 0.1 —2 (0) 0.1 —2 4 0.1 —2. 2 

Hexosediphosphate 6 6.8 0.65 6.2 —1.3 6.0 —2.4 7 —1.9 
Hexosediphosphate 6 

(ilucose $0 a | 6.5 6.6 —().90 6.0 —2.5 7.6 —2 $3 
Hexosephosphate (j 

Glucose-6-phosphate 4.5 8.6 $3.8 8.9 0.71 8.3 —2 $s 9 0 —2 3 

Hexosediphosphate 6 ) 
Fructose-6-phosphate 4.5 9 0 3.4 9.5 2 0 8 .2' —2 6 9 6 —2.0 


dicates that triosephosphate dehydrogenase _ 1s 
probably the limiting reaction, since aldolase 1s 
not limiting. In the kidney system no triosephos- 
phate appears. However, in reaction media where 
more hexosediphosphate was used, triosephosphate 
appeared. In the brain and tumor reaction mix- 
tures, some glucose-6-phosphate appears, and glu- 
cose is obviously being phosphorylated and gly- 
colyzed. In the liver and kidney homogenate sys- 
tems, the phosphate upta®&e and glucose-6-phos- 
phate accumulation do not occur. The phosphorus 
output and the loss of easily hydrolyzable phos- 
phate of adenosine triophosphate (ATP — A7P) 


concentration and was considerably inhibited by 
the presence of fluoride. It was possible to con- 
clude that under these circumstances dephos- 
phorylation of sugar monophosphates was not the 
reason for lack of glycolysis of glucose in liver and 
kidney. 

It is possible to visualize a physiological basis 
for a more direct control of the hexokinase reac- 
tion in liver, kidney, and muscle than is needed in 
brain. The glucose level of the blood which sup- 
plies the brain is carefully controlled, and the rate 
of blood flow is governed by nervous and endo- 
crine factors. The brain must absorb and phos- 
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phorylate what sugar it requires, and is not re- 
quired to reconvert it to the free form for return 
to the blood. This is true for the tumor, except 
that it undoubtedly removes all the sugar from the 

























FLEXNER-JOBLING 
a CARCINOMA 
wo 
~ 6: 
uu 
J 
Oo f 
= | 
© psi --—~ = 
O- eh | 
23 X 
sc ATp-a7p__S-UCOSE-6-P. 
DP gaa —-—— o 
Pf), > ae : 
; ia 
bonny DPN DP... =F: 
y/ " fo me ececee Leta | 
0 40} 40 60 
LIVER , 
6 
”) 
Ww 
- 
>) 
= 
Ss) 
ag . 
o 3 *. 
= 
————-- == -" - 5-aTp-a7p 
. 20 
‘\__MINUTES 
NET P UPTAKE ~. 





Kia. 1. 


blood that it can assimilate in the time the blood 
is flowing through it. This was well illustrated by 
the finding of the Coris that almost half the sugar 
in blood entering a tumor was lost to the tumor 
(18). Only a small fraction is removed by normal 
tissues for their energy requirements. In contrast, 
the liver, during its active phase, must be able to 
convert glucose to the phosphorylated form and 
store it as glycogen, or reconvert it to glucose to be 
returned to the blood. The kidney has the glucose 
resorption function and, therefore, can be assumed 
to phosphorylate and dephosphorylate sugar to 
return it to the blood. Muscle tissue does not 
require a mechanism to return free glucose to the 







blood but, unlike various other tissues, must be 
‘apable of intermittent function. For this purpose 
the endocrine control of hexokinase would again 
be useful. 
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Analyses of reaction mixtures from glycolyzing rat tissue homogenates 


Artempts To RELATE INHIBITION OF THE HExo- 
KINASE REACTION TO HORMONAL INFLUENCES 


In this study various endocrine glands were tak- 
en from rats to remove the hormonal influences, if 
such they were, from the hexokinase reaction of 
liver, kidney, and diaphragm muscle. Such factors 
as the age of the animal and the differences among 
species were also measured. The effect of the re- 
moval of endocrine glands on the glycolysis of the 
tumors was tested in a number of the animals. 

Newborn rats.—T wo experiments were conduct- 
ed with young rats. Females with large litters were 
chosen, and rats were taken at successive times 
from the same litter. Tissues from several of the 
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youn rats were pooled to provide sufficient mate- 
rial. ‘the results are provided in ‘Table 5. In con- 
trast (o homogenates of tissues from adult rats, the 
liver and kidney homogenates from these newborn 
rats are able to glycolyze some glucose, as evi- 


in Tumor and Normal Tissues 8] 
the corresponding tissues of rat, these show an ob- 
vious effect of glucose addition. This correlates 
with the relative strength of adrenal function in 
the two species. 


Mouse tissues.—Experiments were carried out 


TABLE 5 
GLYCOLYSIS IN HOMOGENATES OF TISSUES FROM NEWBORN RATS 
40-minute incubation with 30 mg. wet weight of tissue.* 


AGE OF RATS KIDNEY LIVER 


Basic medium Basic medium Basic medium 


Basic medium 


minus glucose Basic medium — plus insulin*® minus glucose Basic medium 


plus insulin t 


micromoles 


7-9 hr. 5. 


5 5.9 6.2 6.9 6.9 7.1 

0.52 0.77 1.0 0) Be, 1.9 

34-36 hr. 5.8 6.4 6.4 6.8 7.8 8.0 
0.29 0.39 0.36 —1.9 0.65 0.65 

$2-—-84 hr. 5.6 6.0 6.0 6.8 7.1 73 

—().58 0.07 0 O07 —1.7 —().94 —1.0 

3 wk. §.5 5.8 5.4 6.5 6.4 6.6 

3 wk. —1.9 —1.9 —1.9 —1.8 —1.9 —1.7 

* Two rats with large litters were chosen. In each case several of the litter were killed and the tissues pooled at each indi- 


cated time. The results presented are the averages of results from these two experiments. The upper figure in each set is lactic 
acid production, the lower figure net phosphorus esterified. 
{ 100 micrograms of amorphous insulin (2 units) per flask. 


TABLE 6 
ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF RABBIT TISSUES 


Kach figure is the average of duplicate flasks from three separate experiments; 40- - 
minute incubation with 30 mg. wet weight of tissue. 


BASIC: MEDIUM BASIC MEDIUM 


MINUS GLUCOSE 


Net P uptake 


WITH GLUCOSE 


Lactic acid Lactic acid Net P uptake 


Tissur production production 

micromoles 
Kidney 5.0 —(). 28 5.8 3.1 
Liver 5.5 —().25 6.3 0.30 


TABLE 7 
ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF MOUSE TISSUES FROM 
INTACT AND ADRENALECTOMIZED MICE 


Kach figure is the average of two experiments, with control and operated mice used in each experiment. 
Tissues from two mice were pooled for each experiment; 80-minute incubation with 30 mg. wet weight of 
tissue. 

Basic MEDIUM Basi 


MEDIUM Basic MEDIUM WITH 


Tissurk MINUS GLUCOSE WITH GLUCOSE GLUCOSE AND INSULIN®* 
Lactic acid Net P Lactie acid Net P Lactic acid Net P 
production uptake production uptake production uptake 
micromoles 
Kidney from intact animal 3.1 () 3.1 0) 3.1 () 
Kidney from adrenalecto- 3.1 —().1 2.8 0.90 2.8 1.0 
mized animal 
Liver from intact animal 3.1 —(). 52 8 —(). 58 3.2 —(0.77 
Liver from adrenalecto- 3] —(). 32 8 —(Q).45 3.1 —(). 52 


mized animal 


* 100 micrograms of amorphous insulin (2 units) per flask. 


with Rockland strain albino mice. Some of these 
were adrenalectomized and maintained on saline 
for several days. Then two experiments were con- 
ducted: controls and adrenalectomized mice were 
sacrificed for each experiment. Tissues from two 
animals were pooled for each determination. The 


denced especially by the increased net phosphorus 
uptakes with added glucose. Addition of insulin 
did not further the effect. It is worth noting that 
the adrenal function begins at approximately the 
time this effect is lost. 

Rabbit tissues.—Table 6 lists results of several 








experiments with homogenates of tissues from 
6-week-old rabbits. In contrast to homogenates of 


results of these experiments are presented in Table 
~ 


7. The adrenalectomy permitted some glucose 








$2 


utilization in kidney, as indicated by the net phos- 
phorus uptakes, but had little effect on the liver 
tissue. Insulin did not appear to exert any influ- 
ence. 

Fluoride.—Two experiments were carried out 
with homogenates of rat kidney to test for any ef- 
fects of varied fluoride concentrations on the abil- 
ity to utilize glucose with or without insulin addi- 
tions. The results are presented in ‘Table 8, which 
illustrates that net phosphate uptakes are im- 
proved with higher fluoride additions. However, 


(‘ancer 
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the endocrine glands were removed was performed 
on rats obtained from two sources: the Hormone 
Assay Laboratories of Chicago and the Endo- 
crine Laboratories, Madison. The animals were of 
the Holzmann strain. They were kept in our labo- 
ratories for at least several days before sacrificing 
them for glycolysis measurements. | 

Hypophysectomized rats.— A. group of hypophy- 
sectomized rats, 150-200 gm., was maintained on 
stock diet with L per cent glucose in the drinking 
water. After the first 2 days their weights stabi- 


TABLE 8 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF KIDNEY TISSUE FROM NORMAL RATS 
WITH VARIED FLUORIDE 


40-minute incubation with 30 mg. wet weight of tissue. Each figure represents the average of re- 


sults obtained in two experiments. 
Ns monine Basic MEDIUM 


CONCENTRA- MINUS GLUCOSE 


BASIC MEDIUM BASIC MEDIUM WITH 


WITH GLUCOSE GLUCOSE AND INSULIN* 


TION Lactic acid Net P Lactic acid Net P Lactic acid Net P 

MOLARITY production uptake production uptake production uptake 
micromoles 

Q 5.6 —4.5 d.9 —4 3 6.5 —4.0 

0.01 6.0 —2 0 ».2 —1.8 6.5 —1.5 

0.033 5.8 0.21 5.2 1.1 6.6 1.0 


* 200 micrograms of amorphous insulin (4 units) per flask. 


TABLE 9 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM ALLOXAN DIABETIC RATS 


40-minute incubation with 30 mg. wet weight of tissue. Each figure is the average of duplicate de- 


terminations from three separate experiments. 


BASIC MEDIUM 


BASIC MEDIUM BASIC MEDIUM WITH 


TIssur MINUS GLUCOSE WITH GLUCOSE GLUCOSE AND INSULIN* 
Lactic acid Net P Lactic acid Net P Lactic acid Net P 
production uptake production uptake production uptake 

micromoles 
Brain 6.0 0.58 9.4 6.9 9.5 6.6 
Liver 8.1 —2.4 7.7 —2.3 7.9 —2.2 
Kidney 7.0 —2.3 6.9 —2.3 7.1 —2.0 


*100 micrograms of amorphous insulin (2 units) per flask. 


this effect is largely one of inhibition of the break- 
down of ATP at the end of the incubation period, 
when the glycolytic rate has decreased. 

Diabetic rats —A group of adult rats weighing 
200-275 gm. was made diabetic with alloxan, ac- 
cording to the procedure described by Kass and 
Waisbren (19). These were sacrificed 5-8 days 
later for glycolysis experiments. Each rat was 
tested and found to be glycosuric. Results are pro- 
vided in Table 9. A comparison with Table 3 indi- 
cates that the diabetic condition did not change 
the rate of glycolysis or extent of phosphorus up- 
take in brain; nor did it in any way alleviate the 
hexokinase inhibition in liver and kidney. No tu- 
mor transplants were included in this group. Dun- 
ning et al. (20) have reported that tumor incidence 
is not affected by diabetes. 

A series of experiments in which one or more of 


lized and remained constant. These were sacrificed 
at intervals from 5 days to 4 weeks after the opera- 
tion. No difference was observed between those 
sacrificed early and those sacrificed later. The re- 
sults of glycolysis measurements on homogenates 
of the tissues from these animals are presented in 
Table 10. Usually four tissues were taken from 
each animal. The results did not vary significantly 
from the data in Table 3. Some of the animals re- 
ceived inoculation with Flexner-Jobling carcinoma 
transplants. These grew at a greatly reduced rate 
compared with controls (70 per cent inhibition), 
but very little if any change occurred in the tumor 
glycolysis rate. This is compatible with reports in 
the literature (21, 22, 23, 24). 

Adrenalectomized rats.—A. group of bilaterally 
adrenalectomized rats, 175-200 gm., was main- 
tained for 1 week after the operation with 1 per 
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cent saline drinking water to permit regeneration 
of any remaining adrenal fragments. Then water 
was substituted for the saline. Those animals that 
did not lose considerable weight in the succeeding 
2 days were discarded. ‘Those that lost weight (20 

50 gm.) were given the saline drinking water for 
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ed in ‘Table 3. An adrenalectomized rat was killed 
1 hour after 100 units of insulin were injected. The 
results were similar to the data in Table 11. 
Hypophysectomized-adrenalectomized rats.—An- 
other group of Holzmann rats, 175-250 gm., was 
hypophysectomized and permitted to recover for 


TABLE 10 
ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM HYPOPHYSECTOMIZED RATS 


40-minute incubation with 30 mg. wet weight of tissue except in the case of diaphragm muscle, where 
15 mg. was used. Each figure was obtained by averaging the results of five experiments. 


BASIC MEDIUM 


Tissuk MINUS GLUCOSE 

Lactic acid Net P 
production uptake 

Brain 6.9 0.60 

Flexner-Jobling car- 6.9 1.1 

cinoma 
Kidney 5.0 —1.2 
Diaphragm muscle 5.6 —0.81 


BASIC MEDIUM Basic MEDIUM WITH 


WITH GLUCOSE GLUCOSE AND INSULIN*® 


* 100 micrograms of amorphous insulin (2 units) per flask. 


TABLE 
ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM ADRENALECTOMIZED 


Lactic acid Net P Lactic acid Net P 
production uptake production uptake 
micromoles 
9 6 6.5 9.5 6.0 
8.8 $.5 8.5 3.4 
6.5 —1].2 6.4 —(). 84 
5.2 —1.0 5.2 —().94 
5.8 —() 71 5.8 —(). 39 
11 
RATS 


40-minute incubation with 30 mg. wet weight of tissue. Each figure is obtained by averaging of results 


from six experiments. 
Basic MEDIUM 


TISSUE MINUS GLUCOSE 
Lactic acid Net P 
production uptake 
Brain 5.8 (). 48 
Klexner-Jobling car- 7.4 1.5 
cinoma 
Kidney 5.9 —2.7 


* 100 micrograms of amorphous insulin (2 units) per flask. 


BASIC MEDIUM BASIC MEDIUM WITH 


WITH GLUCOSE GLUCOSE AND INSULIN* 


Lactic acid Net P Lactic acid Net P 

production uptake production uptake 
micromoles 

9 5 7.4 9 7 7.4 

9 2 3.6 9 2 3.6 

6.5 —1.0 6.3 —(). 81 

6.0 —2 4 6.3 —2 3 


TABLE 12 
ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM 
HYPOPHYSECTOMIZED-AN DRENALECTOMIZED RATS 


40-minute incubation with 30 mg. wet weight of tissue. Each figure is obtained by averaging the 


results of three experiments. 


BASIC MEDIUM 


BASIC MEDIUM BASIC MEDIUM WITH 


Tissur MINUS GLUCOSE WITH GLUCOSE GLUCOSE AND INSULIN* 
Lactic acid Net P Lactic acid Net P Lactic acid Net P 
production uptake production uptake production uptake 

micromoles 

Brain 5.6 0.11 9 4 7.3 9.4 7.3 

Liver 7.9 —2.3 7.7 —1.9 7.9 —1.9 

Kidney 6.2 —2.] 6.4 —1.4 6.1 —1.3 


* 100 micrograms of amorphous insulin (2 units) per flask. 


several days. Then they were killed at intervals of 
from 10 to 28 days after the “challenge” test. The 
results of the glycolysis measurements are given In 
Table 11. Some of these animals were inoculated 
with Flexner-Jobling carcinoma transplants. The 
rate of growth of the transplants was unaffected as 
compared with the controls, and little, if any, 
change was noted in the glycolysis of the tumor or 
normal tissues, as compared with those represent- 


1 week, then bilaterally adrenalectomized. No tu- 
mor transplants were made in this group, since 
these rats were difficult to keep alive. They were 
maintained on a stock diet with both saline and 
sugar in the drinking water. They were sacrificed 
at 2-16 days after the second operation. All of the 
animals lost weight during the period before sacri- 
fice. The data from these experiments are present- 
ed in Table 12, which indicates there was little 
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effect on the glycolysis measurements and no sig- 
nificant effect of insulin additions. 
Adrenalectomized-ovariectomized rats.—Since it 
was thought possible that sex hormones might be 
compensating for the absence of adrenal hormones 
in these operated animals, another group of rats, 
175-200-gm. females, was adrenalectomized and 
ovariectomized at the same operation. They were 


~- 


there was considerable reduction in kidney (40 per 
cent) and liver, and a significant reduction in brain 
glycolysis rate (20 per cent) was also apparent. 
However, there was little change in the glucose 
utilization picture from the controls in Table 8, 
and little effect of insulin additions. 

Starved rats.—In some of the experiments with 
operated rats, a 15-hour fast was imposed before 


the animals were killed; in others the animals had 
feed at all times. No difference was observed. Fx- 


maintained on saline drinking water and “chal- 
lenged” as were the adrenalectomized rats. They 


TABLE 18 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM 
ADRENALECTOMIZED-OVARIECTOMIZED RATS 


40-minute incubation with 30 mg. wet weight of tissue. Each figure was obtained by averaging of results 
from 4 to 11 experiments. 
Basic MEDIUM WITH 


BASIC MEDIUM Basic MEDIUM 


Tissue MINUS GLUCOSE WITH GLUCOSE GLUCOSE AND INSULIN*® 
Lactic acid Net P Lactic acid Net P Lactic acid Net P 
production uptake production uptake production uptake 
micromoles 
Brain 5.0 0. S4 7.9 6.2 7.6 G4 
Flexner-Jobling car- 6.8 0.97 8.3 3.4 8.4 $.5 
cinoma 
Liver 6.0 —1.1 6.0 —1.0 6.1 —1.1 
Kidney +6 —1.5 4. —1.2 1.8 —1.5 
Diaphragm muscle 5.6 —0.93 5.9 —0.65 5.8 —(0.48 


* 100 micrograms of amorphous tnsulin (2 units) per flask. 


TABLE 14 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM RATS THAT 
FASTED FOR VARIOUS INTERVALS 





40-minute incubation with 30 mg. wet weight of tissue. Each figure was obtained by averaging of results from 


two to four experiments. 


LENGTH OF Basic MEDIUM 


FAST Tissve MINUS GLUCOSE 
Lactic acid Net P 
production uptake 
hours 
0 Liver 6.4 —1.5 
Kidney 6.3 —2.0 
18 Liver 6.6 —1.8 
: Kidney 5.6 —2.4 
16 Liver 7.3 —2.0 
Kidney 5.2 —2.2 


* 100 micrograms of amorphous insulin (2 units) per flask. 


were then sacrificed for the usual glycolysis meas- 
urements at 7-28 days after the operation. The re- 
sults are recorded in Table 13. Some of the animals 
received Flexner-Jobling carcinoma implants. 
These grew at slightly reduced rates relative to the 
controls (approximately 30 per cent inhibition), al- 
though the animals gained weight at normal rates. 
The rates of glycolysis appear slightly reduced in 
the tumor homogenates, and the rates in kidney 
homogenates were considerably reduced. In all the 
other experiments reported thus far, the results 
were very consistent. With this group, there was 
some variation. Glycoysis rates of tissues from 
some animals were slightly reduced. In others 


BASIC MEDIUM WITH 
GLUCOSE AND INSULIN* 


Basic MEDIUM 
WITH GLUCOSE 


Lactic acid Net P Lactic acid Net P 
production uptake production uptake 
micromoles 
6.8 —1.3 6.6 —1.4 
6.4 —2 0 6.3 —2.] 
6.9 —1.6 6.7 —1.6 
6.1 —1.8 6.2 —1.9 
7.8 —1.9 7.5 —2 0 
6.1 —1.8 5.8 —2 1 


periments conducted with normal, adult rats, fast- 
ed and fed, are presented in Table 14. Little change 
in the rates occurred as a result of fasting. 

Tests of insulin additions without glucose and 
with hexosediphosphate as the only substrate were 
completely negative; insulin has no effect on gly- 
colysis of HDP in these experiments. 

Tests of hormone preparations.—A. number of 
steroid hormone preparations were obtained and 
tested for their in vitro effect on this glycolysis sys- 
tem. The main difficulty with the design of such 
experiments was the poor solubility of the hor- 
mone preparations. Two methods were used. In 
one test the hormones were dissolved in alcohol 

















and :dded after all other ingredients were present, 
as 200 ug. per reaction vessel (3.0 ml.) to give a 
final concentration of 5 per cent alcohol. This was 
controlled with additions of aleohol without hor- 
mones to other reaction vessels. The alcohol itself 
modified the results to some extent. In the second 
test, all the ingredients of the medium were mixed 
except the homogenate of tissue, and aliquots of 
this ““master-mix”’ were put in tubes with crystals 
of each hormone. These were then mixed on a me- 
chanical shaker for two hours at room tempera- 
ture. The undissolved material was centrifuged, 
and the appropriate amount of each aliquot was 
pipetted into respirometer vessels. Routine gly- 
colysis measurements were carried out. The results 
from both these tests, carried out with rat kidney 
homogenates, are given in Table 15. No inhibitory 
effects were obtained. With some of the prepara- 
tions, consistent stimulatory effects were ob- 
served. Epinephrine added in water solution had 
no effect. A few experiments with brain had nega- 
tive results. 
KErECTS OF VARIED INSULIN AND GLUCOSE 
ADDITIONS 

Varied insulin—The foregoing experiments 
were all carried out with levels of insulin corre- 
sponding to those used by the Coris (14, 15, 16), 
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these experiments, using homogenates of rat dia- 
phragm muscle (Table 16), indicate that, while in- 
sulin additions at the level used in the earlier ex- 


TABLE 16 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF 
DIAPHRAGM MUSCLE FROM NORMAL RATS 


40-minute incubation with 15 mg. wet weight of tissue. 
Kach figure represents the average of results from two experi- 
ments The basic medium with 180 mg. per cent glucose was 
used. 


Insulin Lactic acid Increase in lac- 


addition* Net P uptake 


micromoles 


production tic acid produc- 


micrograms micromoles 


tion per cent 


0 4.8 —1.4 
50 4.8 —1.3 0) 
100 4.9 —1.3 2 
500 5.2 —().92 8.3 
1000 5.5 —()_ 64 14.5 
1500 5.6 —(.64 16.5 


* Amorphous insulin (20 units per mg.) added to a 3.0-ml. reaction 
mixture. 


periments are almost without effect, larger addi- 
tions give very significant changes in the lactic 
acid production and net phosphorus esterification. 
Similar results were obtained with kidney and 
liver. However, even the larger insulin additions 
had no effect upon brain or tumor homogenates. 

Varied insulin sources.—The insulin prepara- 


TABLE 15 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF RAT KIDNEY TREATED 
in Vitro WITH VARIOUS HORMONE PREPARATIONS 


40-minute incubation with 30 mg. wet weight of tissue. Each figure represents an average of the results 
from three to five experiments. The basic medium was used in all cases. 


MANNER OF LACTIC ACID Net P INCREASE IN 
ADDITION ADDITION PRODUCTION UPTAKE LACTIC ACID 
PRODUCTION 
micromoles per cent 
None 6.1 —2.0 
Ethanol (95 per cent) Final conen. of 5 per cent 6.4 —1.0 4.7 
Desoxycorticosterone 200 wg /flask in ethanol* 6.8 —1.1 11 
acetate 
“Compound E” 200 ug /flask in ethanol* 6.7 —1.1 1] 
Testosterone 200 ug /flask in ethanol* 6.7 —1.2 11 
a-Estradiol 200 wg /flask in ethanol* 6.7 —1.1 11 
Epinephrine 1,000 ug /flask in water 6.1 —1.9 0 
Desoxycorticosterone Saturating mediumT 6.1 —2.0 0 
acetate 
“Compound E” ” . 6.0 —2.0 — 2 
Testosterone “ ° 6.2 —1.8 1.s 
a-Estradiol ° ” 6.5 —1.7 6.4 
Diethylstilbestrol " . 6.4 —1.6 4.8 


* Final concentration of ethanol was 5 per cent. 


+ Allcomponents of the medium were mixed except for the homogenate. Aliquots of this “master-mix”’ were shaken in a mechan- 
ical shaker at 25° C. for 2 hours with crystals of each hormone preparation, then centrifuged and pipettedinto the respirometer flasks 


where homogenate was added. 


who obtained pronounced effects. Stadie and 
Haugaard (26) were unable to obtain the same ef- 
fects, however. The levels of glucose were essen- 
tially physiological (180 mg. per cent). Experi- 
ments were now conducted to determine the effects 
of varied insulin and glucose additions. Data from 


tions were known to contain the “hyperglycemic” 
principle (27). To determine whether this was re- 
sponsible for the results, particularly the negative 
findings obtained thus far, a sample of Novo in- 
sulin, which was essentially free of this principle, 
was obtained. The two preparations were com- 
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pared (Table 17), as well as a crystalline msulin 
prepared in our laboratory (28) from the amor- 
phous material. These data indicate that the “hy- 


TABLE 17 


ANAEROBLC GLYCOLYSIS WITH HOMOGENATES OF ‘TISSUES 
FROM NORMAL, INTACT RATS WITH in Vitro 
ADDITIONS OF VARLOUS INSULINS 


40-minute incubation with 30 mg. wet weight of tissue. 
Each figure is the average of results obtained from four experi- 
ments, 200 micrograms of insulin added to each flask. 


Lactic acid Net P uptake 


Tissue Additions production 
micromoles 
6.2 —0 80 
Amorphous insulin G2 —0.71 
Liver Crystalline insulin* 6.1 —0.71 
Crystalline Novo insulin ft 6.1 —0.83 
0.7 —1.1 
Amorphous insulin 5.8 —1.0 
Kidney Crystalline insulin* 6.0 —1.0 
Crystalline Novo insulin 5.8 —1.1 


* Made from Lilly amorphous insulin by the method of Abel ef a/. (28). 


t Free of “hyperglycemic factor.” 


perglycemic” principle is not responsible for the 
negative results obtained with amorphous insulin. 

Glutathione.—To test whether the effect of in- 
creasing additions of insulin was merely due to 
addition of sulfhydryl, several experiments were 
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Experiments with variations in 
glucose additions gave consistent results. Brain 
and tumor homogenates were distinctly different 
in their behavior from liver, kidney, and dia- 
phragm muscle homogenates. While the former 
were able to esterify phosphorus and glycolyze glu- 
cose maximally at very low levels of glucose and 
were not appreciably affected by very high levels 
of glucose, the latter were unable to utilize glucose 
at low levels and were considerably stimulated by 
high levels of glucose. When compared with con- 
trol data at 180 mg. per cent glucose, homogenates 
of Flexner-Jobling carcinoma and brain were found 
to produce only 12 per cent more lactic acid at 
1,440 mg. per cent glucose. Liver and kidney ho- 
mogenates produced 32-57 per cent more lactic 
acid under these conditions. Data to illustrate this 
point are presented in ‘Table 19. 

Experiments were conducted to test the possi- 
bility that this was an indirect effect of changes in 
tonicity, or was due to mass law effect. Data pre- 
sented in Table 20 demonstrate that when po- 
tassium chloride is added to the medium to equal 
the tonicity of 1,440 mg. per cent glucose, the 
stimulation of lactic acid production does not oc- 
cur as it does with the glucose. When phosphate, 


Varied glucose. 


TABLE 18 
ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM NORMAL RATS 
TESTING THE EFFECTS OF SULFHYDRYL 


10-minute incubation with 30 mg. wet weight of tissue. Each figure is the average of results obtained in three 


experiments. 


Tissue Basic MEDIUM 

Lactic acid Net P 
production uptake 

Brain 9 +4 7.2 

Flexner-Jobling ecar- 9.3 4.5 

cinoma 
Liver 6.0 —0.78 
Kidney 5.6 —2.4 


*1 mg. of amorphous insulin (20 units) per flask. 


+3 mg. of glutathione per flask (1 mg. similar results). 


conducted to compare the effects of adding insulin 
and glutathione. The glutathione was a mixture of 
oxidized and reduced forms which would undoubt- 
edly be converted more to the reduced form in the 
reaction conditions used. It has been reported that 
oxidized glutathione is inhibitory to glycolysis, the 
reduced form is stimulatory (29). Table 18 illus- 
trates the results of these experiments with four 
different rat tissues. Similar experiments with low- 
er levels of glutathione gave essentially the same 
results. These data show that the high insulin ad- 
dition increases glycolysis of the liver and kidney, 
and causes no observable effect on the brain and 
tumor. The glutathione is slightly inhibitory with 
all four tissues. 


Basic MEDIUM BASIC MEDIUM 


+ INSULIN*® + GLUTATHIONE 


Lactie acid Net P Lactic acid Net P 
production uptake production uptake 
micromoles 
Q 4 7.0 8.5 6.5 
g 2 +5 8$.9 4.2 
7.0 —Q.45 3.5 —().79 
6.1 —2 () 5.7 —2 Q 


approximately equimolar with 1,440 mg. per cent 
glucose, was added in excess of the usual addition, 
no stimulation was obtained. 

A. less consistent but more striking effect is 1l- 
lustrated in Figure 2. Various additions of glucose 
were made to a series of flasks, with the usual me- 
dium, including rat kidney homogenates. Addi- 
tion of insulin (1 mg.—20 units) to comparable 
flasks yielded the result shown, in three out of five 
experiments. In the other two instances the usual 
glucose curve , but a less pronounced insulin effect 
was obtained. 

SUMMARY 

By the use of homogenates of rat tissues, 1t was 

demonstrated that the potential rates of glycolysis 














of normal tissues are as great or greater than that 
of (mor tissue. Low rates of glycolysis were ob- 
taincd by other investigators with slices of normal 
tissties because of the inability of these tissues, im 
pitro, to accomplish the initial phosphorylation 
step in the formation of hexosediphosphate. Evi- 
dence has been presented which would indicate 
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creases at very high glucose levels (1,440 mg. per 
cent). In contrast, rat liver, kidney, and dia- 


phragm muscle homogenates appear unable to 
utilize glucose at low levels and are considerably 
stimulated at very high glucose levels. High addi- 
tions of insulin permit the maximum effect at much 
lower glucose levels. 


TABLE 19 


ANAEROBIC GLYCOLYSIS WITH HOMOGENATES OF TISSUES FROM NORMAL RATS TO ILLUSTRATE 
THE EFFECTS OF INCREASED GLUCOSE ADDITIONS 


The basic medium was used; 40-minute incubation with 30 mg. wet weight of tissue (diaphragm 15 mg.). Each figure repre- 
sents the average of the results obtained in three to five experiments. 


If LEXNER-JOBLING 








BikaAIN CARCINOMA Liver KIDNEY DIAPHRAGM 
GLUCOSE Lactic Lacti Lactic Lactic Lactic 
ADDITION acid acid acid acid acid 
produc- Net P produc- Net P produc- Net P produc- Net P produc- Net P 
my. per cent tion uptake tion uptake tion uptake tion uptake tion uptake 
micromoles 
() 6.0 0.35 6.5 Q 3.8 —1.5 5.8 —1 2 5.4 —(Q.90 
25 9 4 7.0 9 2 4.1 5.8 —1.5 5.7 —1.2 5.4 —0.90 
180 9.5 4.2% 9.4 4.5 3.8 —1.3 6.0 —1.0 5.6 —0.65 
360 9.7 4.2% 9.5 4.4 6.4 —().90 6.5 —(Q).90 3.9 —Q.3 
720 9.8 7.2 9.7 4.5 6.8 —().70 7.0 —0.75 6.4 0 
1440 10.5 7.4 10.5 4.4 7.6 +0. 1 8.2 —0.58 6.9 +0.3 
TABLE 20 r +INSULIN 
ANAEROBIC GLYCOLYSIS WITH HOMOGENATE OF : 
KIDNEY TISSUE FROM INTACT RATS 
Demonstration that the effect of high glucose levels is not - 
due to changed toxicity; 40-minute incubation with 30 mg. wet uw 
weight of tissue. Each figure represents the average of data ob- ro 
tained in two experiments. S 
Basic MEDIUM INCREASE IN 2 
WITHOUT GLUCOSE LACTIC ACID OG 
ADDITIONS Lactic acid Net P PRODUCTION = 
production uptake ' 
micromoles micromoles per cent S 
None 5.8 —1.2 0 < 
Glucose to 180 mg. 6.0 —1.0 3.3 oO 
per cent t ; 
Glucose to 1440 mg. 8.2 —0.58 41.3 = 
per cent - 
KCI* 6.1 —1.0 5.1 > . . ' ; 
K-phosphatef 6.0 $.3 300 600 900 1200 ISOO 


* Equivalent in tonicity to 1,260 mg. per cent + glucose to 180 mg. per 
cent glucose. 

t Equivalent in tonicity to 1,260 mg. per cent glucose + glucose to 180 
mg. per cent. 


that the “hexokinase” reaction is inhibited by 
some hormone influence, which can be relieved or 
balanced in vivo but which is nondissociable an 
vitro. Removal of certain endocrine glands, includ- 
ing the adrenals, pituitary, and gonads, did not re- 
lieve this inhibition. Insulin at “‘near physiologi- 
cal’ levels did not relieve the inhibition of hexo- 
kinase. 

Homogenates of Flexner-Jobling rat carcinoma 
and rat brain are able to glycolyze and esterify 
phosphate at maximum rates with very low glu- 
cose levels (25 mg. per cent) and show slight in- 





GLUCOSE-MG. PERCENT 


Fic. 2.—The effects of varied glucose concentrations on 
the lactic acid production of glycolyzing homogenates of rat 
kidney with and without added insulin (1 mg.—20 units per 
flask). . 


Although insulin effects could be obtained with 
other rat tissues, none was ever observed in a large 


number of experiments with homogenates of rat 
tumor and brain tissues. 
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Biology, Graduate School of Arts and Science, Washington Square College, New York University, New York) 


During the course of investigations on the rela- 
tive radiosensitivities and rates of growth of two 
analogous mammary tumors autogenous to two 
inbred strains of mice (dba and C3H), it became 
apparent that an investigation of their relative 
metabolic properties would be of value. 

Observations on the relative values of oxygen 
uptake, respiratory quotient, and aerobic glycolysis 
of tissues of these two analogous mammary tumors 
are reported in this paper. To the author’s knowl- 
edge, no such data are available in the literature on 
these tumors. 

The author has demonstrated in previous re- 
ports (1, 2) that the two analogous mammary tu- 
mors, both diagnosed as adenocarcinomas, differed 
widely in their rates of growth and radiosensitivi- 
ties. Since the results obtained in these previous 
experiments have some bearing on the observa- 
tions made in the present study, a résumé of the 
results will be given. For the sake of brevity, the 
mammary tumors of the dba and C3H strains of 
mice will hereafter be referred to as the dbrB and 
C;H tumors, respectively. 

Summary of previous experiments.—The mam- 
mary tumor of the C3H strain of mice, which had 
been transplanted from host to host of the same 
strain, had a latent period of about 14-16 days. 
(The latent period is the time elapsing between the 
implantation of a tumor graft and the appearance 
of a tumor of measurable size.) This tumor killed 
the animal host within 3 months. The mammary 

* Supported by grants obtained from the National Cancer 
Institute, U.S.P.H.S., and from the Damon Runyon Fund. 
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tumor of the dba strain, designated dbrB tumor, 
which had also been transplanted from host to 
host, proved to have a latent period of only 4—6 
days. It resulted in the death of the host within 
3 weeks. 

Implants of the C;H tumor, approximately 
2 X 2mm. in size, required a dose of about 2,800 r 
to prevent their growth upon implantation to 
hosts of the same strain; while implants of the 
dbrB tumor of similar size required a dose of about 
5,000 r to prevent their growth in hosts of the dba 
strain (1). Explants of the C;H tumor, also about 
2X2 mm. in size, required a dose of about 
130,000 r to prevent their growth in vitro; while for 
dbrB tumor particles of similar size, a dose of 
about 80,000 r was sufficient to produce the same 
effect (2). 

That a larger dose of irradiation is needed to 
prevent cellular growth in vitro than in vivo has 
been observed by several other investigators as 
well as by the author (3-9). 

An observation of particular interest was that 
the C;H tumor was more radiosensitive in vivo 
than the dbrB tumor, while the dbrB tumor was 
more radiosensitive in vitro than the C3;H tumor. 
The significance of this observation will be dis- 
cussed later. 


METHODS 


In the present study on the relative values of 
the oxygen uptake, respiratory quotient, and 
aerobic glycolysis of the analogous dbrB and C;H 
tumor tissues, the experimental procedure was es- 
sentially the same as that described by the author 
in previous publications (10, 11). It is mainly 
based on the direct method of Dickens and 
Simer (13). 
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Because of the high glycolysis of the tumors, the 
phosphate buffer solution,! which usually has a pH. 
of 7.4. was adjusted to a pH of 7.5. Glucose 0.2 per 
cent was used as substrate. The lactic acid that 
had been produced during the experiment was de- 
termined by the method of Friedman and Greasser 
(12). The Q® in the tables is the value of the lactic 
acid produced by 1 mg. of tissue during 1 hour, ex- 
pressed in micrograms. The water content of the 
tumors in each experiment was determined by dry- 
ing the tissue at 110° C. to constant weight. The 
final calculations were made on a dry-weight basis. 
Sections of the tumors of each experiment were 
fixed for histological studies. 

The QO, uptake, the respiratory quotient, and 
the aerobic glycolysis were then determined on the 
same portion of tissue. This procedure is particu- 
larly essential for experiments with tumor tissue In 
order to obtain reproducible results. 

RESULTS 

In Table 1 the values for the OQ. uptake, the 
R.Q., and lactic acid produced by the C;H tumor 
tissue in 1 hour are recorded. Each figure repre- 
sents a mean of the results obtained from six pairs 
of Warburg flasks. All values were calculated on a 
dry-weight basis. The CQO: values obtained in 
seven experiments averaged —3.6, the lowest 


TABLE 1 


OXYGEN CONSUMPTION, AEROBIC GLYCOL- 
YSIS, AND RESPIRATORY QUOTIENT OF 
THE C;H MAMMARY TUMOR* 


Qo, 
—3. 
—3. 
—3. 
—3 
—4 
—$. 
—3. 80 
Av. —3$. 86 

*The medium contained 0.2 per cent glucose Ringer 


phosphate solution, buffered to pH 7.4-7.5 at 37.5° C. Each 
value represents a mean of six paired Warburg flasks. 


© 
O¢ 


R.Q. 
.89 
.85 
86 
84 
.83 
98 
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value being —3 and the highest, —4.4. The R.Q. 
values averaged 0.86, the lowest being 0.80 and the 
highest, 0.98. The Q@: values averaged 8.5, the 
lowest being 7.0 and the highest, 9.9. 

Table 2 contains the values for Q,,, R.Q. and 
Q° obtained from the dbrB tumor in six experi- 
ments. Here again each figure represents the mean 
of the results obtained from determinations from 
six pairs of vessel-manometers. The Q® values aver- 
aged —5.5, the lowest being —4.6 and the highest, 
—6.6. The R.Q. averaged 0.80, the lowest being 


| The author found that the use of this medium yielded more 
reproducible results than the medium containing bicarbonate, 
although the latter permits the work to be carried out under 
more physiological conditions. 
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0.71 and the highest, 0.90. The Q& values averaged 
24.3, the lowest being 19.1 and the highest 27.3. A 
comparison of the Q,, and the Q® for the two tu- 
mors is presented in Figure 1. 

The Q,,, R.Q., and Q& values obtained in indi- 
vidual experiments, as recorded in Tables 1 and 2, 
differed within a rather narrow range. This is note- 
worthy, particularly concerning tumors, since they 
usually show a wide range of values for these three 


ry. ‘ 
| ABLE v 


OXYGEN CONSUMPTION, AEROBL | GLYCOL- 
YSIS AND RESPIRATORY QUOTIENT OF 
THE DBRB MAMMARY TUMOR* 


Kxp. no. Qo. Qe R.Q. 
l —5.9 22.3 0.71 

g —4.6 25.6 0.80 

: —6.6 Q7 3 0.75 

4 —5.1] 26.0 0.8? 

5) —6§.2 25.6 0.90 

6 —4.8 19.1 0.79 
Av. —5.5 24.3 0.80 


*The medium contained 0.2 per cent glucose Ringer 
phosphate solution buffered to pH 7.4—7.5, at 57.5° C. Each 
value represents a mean of six paired Warburg flasks. 


factors. Crabtree (20), in his experiments on tumor 
metabolism, found a great divergence in values of 
respiratory exchange even among tumors of the 
same strain. For example, for sarcoma 180 he re- 
ported Q,, ranging from — 10.6 to —30.9. That the 
results in the present study differed within a nar- 
row range may be due to the fact that the trans- 
planted tumors used were of the same age; the 
dbrB tumors were about 8 days old, and the C;H 
tumors about 3 weeks old. 

Histological examination of sections of the tu- 
mors showed them to consist of about 90-95 per 
cent intact cancer cells, many of which were in 
active mitosis. 

Comparison of the data in Tables 1 and 2 shows 
that for the dbrB tumor, the values for O. uptake 
and aerobic glycolysis are consistently higher than 
the corresponding values for the C;H tumor. The 
difference in rate of metabolic activities of the two 
mouse mammary tumors can be noted at a glance 
in the accompanying graph. 


DISCUSSION 

As shown in the experiments herein reported, 
the rates of respiratory activity and aerobic gly- 
colysis of the dbrB tumor are greater than those of 
the C;H tumor. In the case of these two mammary 
tumors a relationship between metabolic activity 
and rate of growth is evident. This finding does not 
always hold true, however, since several investi- 
gators have noted the independence of metabolism 
and tumor growth. Murphy and Hawkins (14), for 
example, found that respiration and glycolysis of 
spontaneous tumors were independent of growth. 
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Mereover, other investigators (15, 16), as well as 
the author (10, 17), have noted that growth may 
be inhibited without exerting an effect on respira- 
tion and glycolysis. However, in the present ex- 
periments, 1t may be said that the rates of growth 
of the dbrB and C;H tumors correspond propor- 
tionately to their metabolic activities. Thus, the 
faster-growing tumor, dbrB, having a greater rate 
of growth, also has a higher rate of glycolytic ac- 
tivity. 

Since the latent period of the dbrB tumor is 
about 4—5 days, and since that of the C;H tumor 
is about 15-16 days, the ratio of their latent peri- 
ods is approximately 1 to3. The average Q® value of 
the dbrB tumor is 24.3 and that of the C;H tumor 
8.5 (see Tables 1 and 2), and the same ratio also 
prevails, although in reverse. It is seen, therefore, 
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duce the same effect.. Thus, the radiosensitivities 
of the C;H and dbrB tumors when grown in vive 
were in the ratio of ‘1 to 3. From the results record- 
ed in Tables 1 and 2, it is seen that the relative 
aerobic glycolyses of the two tumors are in the pro- 
portion of 1 to 3 (8.5—24.3). 

The above observations on the relationship be- 
tween growth rate, metabolic activity, and radio- 
sensitivity may be coincidental. Nevertheless, if 
confirmed by experiments on other types of tu- 
mors, this relationship might be significant in the 
classification of tumors with regard to radiosensi- 
tivity and metabolic activity. 

It has been stated by the author (18) that the 
metabolic activity of tumors may serve as a better 
basis in evaluating their radiosensitivity than their 
purely morphological characteristics. In support of 
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Fic. 1.—This graph demonstrates the difference in metabolic rate between the two mammary adenocarcinomas of the C;H 
and dba strains of mice as measured by oxygen consumption and glycolysis of tissue slices in vitro. (Barcroft-Warburg mano- 
metric technic). The dotted lines represent the Oo-uptake, and the solid lines represent the glycolysis. Note that the metabolic 
rate of the mammary tumor of the dba strain is about three times as high as that of the mammary tumor of the C3H strain. 


that the rates of growth and aerobic glycolysis of 
these two analogous mammary tumors are in the 
ratio of 1 to 3. 

The difference in the relative metabolic activi- 
ties of these tumors appears to have some bearing 
on their radiosensitivities. 

The results of previous studies (1, 2) indicated 
a relationship between the rate of growth and the 
radiosensitivities of the dbrB and C;H tumors. It 
is of interest therefore to correlate the values of the 
metabolic rate as obtained in the present experi- 
ments, with the radiosensitivities. As previously 
stated, implants of the C;H tumor (2-3 mm. in 
diameter) required a dose of about 2,800 r to pre- 
vent their growth upon implantation into hosts of 
the same strain, while implants of the dbrB tumor 
of the same size required about 5,000 r to obtain 
the same effect. In a report of subsequent studies 
on these analogous tumors (18), experiments are 
described in which intact tumors of both strains, 
about 16 mm. in diameter, were treated in situ. A 
dose of about 8,000 r was required to produce total! 
regression of the C;H tumors, while for the dbrB 
tumor a dose of about 24,000 r was required to pro- 


this view the following explanation was postulated 
to explain the greater resistance to x-rays of the 
faster-growing dbrB tumor when grown in situ as 
compared to the slower-growing C;H tumor: ““The 
toxic substances produced by radiation are elimi- 
nated more quickly in the faster growing dbrB tu- 
mor, therefore recovery takes place sooner, and 
additional dosages of radiation are necessary, 
while the slower growing C;H tumor permits the 
accumulation of toxic substances produced by 
radiation. The effect of radiation is then greater; 
therefore, less dosage of radiation 1s necessary.” 
The relative metabolic rates of the two analogous 
mammary tumors (C3H and dbrB) obtained in the 
present study, when considered with their relative 
rates of growth and relative radiosensitivities, 
seem to support the above view. 

Since, to the author’s knowledge, no data on the 
metabolic properties of the two mammary tumors 
(C3H and dbrB) are available in the literature, it 
was of interest to compare the findings reported 
herein with those observations made by other in- 
vestigators on other types of tumors. 

In Table 3 selected data are compiled from re- 
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ports published by some of these investigators. 
The values obtained in the present experiments are 
in general agreement with those obtained by other 
investigators, namely, the R.Q. is lower than 1.0 
and the aerobic glycolysis is relatively high. Both 
of these factors are characteristic of tumors. With 
regard to oxygen uptake and aerobic glycolysis 
the dbrB tumor resembles the Flexner-Jobling rat 
carcinoma (19); the C;H tumor most closely re- 
sembles the Yale mouse carcinoma I (21) in regard 
to the aerobic glycolysis, but it possesses a com- 
paratively lower rate of respiration. 
SUMMARY 

The relative rates of respiration and aerobic 
glycolysis of mammary adenocarcinomas which 
arose in two inbred strains of mice, dba and C3H, 


TABLE 3 


6. 


~ ees 


sistance to Malignant Growth. IV. Comparison of Effects 
of Roentgen Rays on Mammary Tumors Autogenous to 
Inbred Strains of Mice (dba and C;H). Radiology, 49: 
724-32, 1947. 


. GOLDFEDER, ANNA, and CAMERON, GLApys. Growth in 


Tissue Culture of Analogous Mouse Mammary Carci- 
nomas and Their Response to Radiation. Cancer Research, 
8:465-71, 1948. 


. Russ, S., and Scott, G. M. The Effects of X-rays upon 


Rous Chicken Tumor. Lancet, 2:374-75, 1926. 


. SPEAR, F. G. The Delayed Lethal Effect of Radium on 


Tissue Culture in vitro. Proc. Royal Soc., London, s.B., 
108: 190-95, 1931. 


. Moprpett, W. A Note of Radiosensitivities of Normal and 


Malignant Cells. J. Cancer Res., Comm. Univ., Sydney, 
4:95-97, 1932. 

SuaruRA, K. Studies on Radiosensitivity of Sa-180 Irradi- 
ated in vivo and in vitro. Radiology, 29:352-61, 1937. 


7. GOLDFEDER, ANNA. The Lethal and Sub-lethal Dose of 


X-rays and Radium. Radiology, 31:75-80, 1938. 


COMPARISON OF RESPIRATION AND GLYCOLYSIS OF THE DBRB AND C;.H MAMMARY 


nd TUMORS WITH THOSE OF OTHER TUMORS 

Tumor Species Qo, Qe? Reference 
dbrB mouse — 8 24.3 Present experiment 
C3H mouse — 3.6 8.5 Present experiment 
Flexner-Jobling carcinoma rat — 7 25.0 Burk (19) 
Jensen’s sarcoma rat — 9 18.0 Crabtree (20) 
Rous sarcoma chicken — § 20 Burk (19) 
Tar carcinoma 2146 mouse — 20 15 Crabtree (20) 
Cracker sarcoma mouse —16 17 Crabtree (20) 
Sarcoma 37 mouse —14 12 Crabtree (20) 
Yale carcinoma I mouse — 7 7 Belkin and Stern (21) 


have been considered in the present study. The 
mammary tumor of the C;H strain was found to 
have an average Q,, of —3.6 in 100 per cent oxy- 
gen, an average aerobic glycolysis (Q@:) of 8.5, and 
an average R.Q. of 0.86. The mammary tumor 
(dbrB) of the dba strain proved to have an average 
Q,, of —5.9, an average aerobic glycolysis of 24.3, 
and an average R.Q. of 0.80. 

The relatively greater metabolic activity of the 
dbrB tumor corresponds to its relatively greater 
rate of growth as compared with that of the C;H 
mammary tumor. The two mammary tumors, al- 
though histologically almost identical, proved to 
differ in their physiological characteristics: rate of 
growth, radiosensitivity, and metabolic activity. 
On the basis of observations made in previous and 
present studies on these mouse mammary tumors, 
it may be inferred that histological appearance 
alone is not a sufficient guide for the classification 
of tumors. Their physiological characteristics 
might be of greater value in such a classification. 

The significance of the metabolic rate of these 
tumors in relation to their radiosensitivities 1s dis- 
cussed. 

Experiments to determine the metabolic proper- 
ties of these tumors are now in progress. 
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Effects of a Growth Inhibitor and Other Factors on the 


Tissue Cathepsins of Tumor-bearing Rats” 


RosBert N. FEINSTEIN, PH.D. 


(From the Toxicity Laboratory and the Department of Biochemistry, University of Chicago, Chicago) 


It has been known from the work of Maver and 
Dunn (5) and others (a review of the earlier work 
is given in [5|) that the presence of certain tumors 
causes an increased catheptic activity in various 
host tissues. These observations have been con- 
firmed and extended by Zamecnik and Stephenson 
(10, 11), who demonstrated that only certain of 
the catheptic enzymes were thus affected. The ef- 
fect of the presence of a tumor on the over-all 
catheptic reaction of the host tissues has again 
been confirmed here, and additional studies have 
been made concerning the effect on the cathepsins 
of such factors as starvation, protein depletion, 
and the administration of 4-dimethylaminostil- 
bene hydrochloride, a substance indicated by Had- 
dow, Harris, Kon, and Roe (3) to be a potent tu- 
mor growth inhibitor. 


EXPERIMENTAL 


The animals used were Maguran or Sprague- 
Dawley male rats. The Walker carcinoma 256 was 
the only tumor used; it was carried separately in 
each strain of rat by successive subcutaneous im- 
plants. 

Animals were treated with the stilbene com- 
pound as follows: Beginning with the fourth day 
after the implantation of the tumor, the stilbene 
compound was injected intraperitoneally, on alter- 
nate days; the amount was 50 mg. per kilogram of 
body weight, and the concentration was 100 mg. 
per milliliter of propylene glycol. A total of five in- 
jections was given, and the animals were killed by 
decapitation 24 hours after the last injection. The 
desired tissues were then removed, immediately 
frozen in a bath of dry ice and ether, and kept 
under deep freeze until use. Control experiments 
showed that no loss of activity was incurred by the 
freezing. 

* The work described in this paper was done under contract 
between the Medical Division, Chemical Corps, U.S. Army, 
and the University of Chicago Toxicity Laboratory. Under the 


terms of the contract the Chemical Corps neither restricts nor 
is responsible for the opinions or conclusions of the authors. 
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To prevent the possibility that effects of the 
4-dimethylaminostilbene hydrochloride might be 
due simply to inanition, a series of animals was 
starved for 10 days before sacrifice. In addition, a 
few protein-depleted animals were tested. Protein 
depletion was accomplished by feeding rats for 3 
months on an essentially protein-free diet (less 
than 0.5 per cent nitrogen in the entire diet'). The 
diet fed was diet 3E described by Wissler e¢ al. (9). 
Rats maintained for 3 months on this diet were 
anemic and underweight, (30-40 per cent weight 
loss); their serum protein was low, but they ap- 
peared relatively active and alert. 

The catheptic activity was determined by the 
method of Anson (1), with the modification that 
there was subtracted from the over-all appearance 
of tyrosine-like products the tyrosine-like products 
produced from the tissue homogenate itself, in the 
absence of hemoglobin substrate. This modification 
was introduced because of the suggestion by Ore- 
khovitch (7) that the presence of a tumor may mod- 
ify the susceptibility of tissue proteins to proteo- 
lysis. 

For the assay the tissues were thawed and ho- 
mogenized in five volumes (per gram of tissue) of 
cold water. The protein content of the homogenate 
was determined by the biuret method of Robinson 


and Hogden (8). 


RESULTS AND DISCUSSION 

Results are generally expressed on the basis of 
units of catheptic activity per milligram of tissue 
protein. Since the Robinson and Hogden biuret 
method for the determination of tissue protein is 
inaccurate when applied to tissues with a high fat 
content,” due to turbidity in the color solution, the 
liver data are also given on the basis of activity per 
gram of tissue, although this expression appears to 


1! All protein-depleted and all tumor-bearing animals were 
obtained from Dr. John W. Green, to whom grateful acknowl- 
edgment is made. 

2 After completion of the work described herein, a conven- 
ient means was found (2) of circumventing this difficulty in the 
biuret method, by chilling and filtering off the fat. 
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be statistically less consistent than that based on 
tissue protein. 

Table 1 presents the catheptic activity of the 
tumors of rats treated in various ways. In each 
ase Student's ¢ values (4) were calculated. For the 
population sizes indicated in the tables, a ¢ value 
of 2.5 or greater is considered significant, although 
in those few cases where only two or three animals 


TABLE 1 


CATHEPTIC ACTIVITY OF WALKER CARCINOMA 256 


Catheptic ac- 


Treatment Number tivity per milli- 


Rat strain of rat of rats gram of protein 
Maguran No treatment 7 1.13+0.07* 
63 Treated with DAS 6 1.72+0.10 
. Starved 4 1.80+0. 24 
. Starved; treated 3 2. 66+0.35 
with DAS 
Sprague-Dawley No treatment 5 1.26+0.15 
” . Protein depleted 3 1.60+0.19 


* Data presented are mean activity and standard error of the mean. 
DAS = 4-dimethylaminostilbene hydrochloride. 


tumor on the spleen is retained (¢ = 4.3), but the 
effect on the liver is lost (t = 0.3); (c) treatment of 
the fed, tumor-bearing animal with the stilbene 
compound is without significant effect on either 
spleen (¢ = 1.0) or liver (t = 1.0), although the 
apparent tendency is toward a reversal of the ef- 
fect of the tumor implantation; and (d) treatment 
of the starved, tumor-bearing animal with the 
stilbene compound causes a significant decrease in 
the spleen catheptic activity (¢ = 3.0) but not in 
the liver catheptic activity (¢ = 0.7); in the latter 
case, In fact, the tendency is toward an increased 
activity. 

Any explanation of these results must be tem- 
pered by the finding of Maver, Dunn, and Greco 
(6) that not all tumors cause a significant increase 
in the catheptic activities of host tissues. The data 
presented here, however, indicate that the Walker 
‘arcinoma 256 does increase the catheptic activity 
of the host’s liver and spleen, and that treatment 


TABLE 2 


CATHEPTIC ACTIVITY OF RAT SPLEEN AND LIVER 


Number 
Rat strain Treatment of rats 
Maguran No treatment 6 
“ CA 7 
. CA; DAS 6 
‘i DAS 7 
. PG 3 
4 Starved 4 
- CA; Starved 4 
- CA; DAS: Starved 5 
Sprague-Dawley CA 5 
4 . CA; Protein depleted 3T 
1 . Protein depleted 4 


* Data presented are mean activity and standard error of the mean. 


Catheptic activity Catheptic activity Catheptic activity 


per milligram of per milligram of per gram of 


spleen protein liver protein liver 

1.17+0.08* 0.57+0.03* 75.0+ 4.6* 
1.77+0.18 0.81+0.09 94.5+ 9.7 
1.55+0.14 0.68+0.09 $9.5+12.0 
1.39+0.44 0.88+0.09 109.5+ 8.5 
1 .21+0.32 0.75+0.12 79.5+ 8.0 
1.10+0.21 0.73 +0.09 103.5 + 20.9 
2.36+0.21 0.76+0.07 89.0+ 9.7 
1.67+0.09 0.87+0.13 98.0+ 9.0 
2.01+0.18 0.57+0.11 67.5+11.8 
3.05 +0.62 0.64+0.08 67.0+ 6.3 
4.23 +0 .32 0.51+0.11 08.5+ 5.0 


+ Three ratsincluded in liver experiment; only two ratsin spleen experiment. CA = host bears Walker carcinoma 256. DAS = treated with 4-dimethyl- 
aminostilbene hydrochloride. PG = treated only with propylene glycol (solvent for the DAS). 


were used, it-is difficult to attribute great signifi- 
cance to the figures, no matter what the ¢ value. 
The following may be noted from this table: 
(a) Treatment with the stilbene compound appreci- 
ably increases the catheptic activity of the tumor 
({= 4.8) as does starvation (¢ = 2.7); and 
(b) treatment of a starved animal with 4-dimethyl- 
aminostilbene hydrochloride increases the cathep- 
tic activity (tf = 4.3) to a degree representing ap- 
proximately the sum of the two individual effects; 
thus the effect of the chemical is not due to inani- 
tion. 

Table 2 presents data on the cathepsin of rat 
spleen and liver. From this table the following may 
be observed: (a) Implantation of a tumor causes 
an increase in the catheptic activity of the spleen 
(t = 3.1) and of the liver (¢ = 2.5, on protein ba- 
sis); (b) if the animal is starved, this effect of the 


of the tumor-bearing animal with the tumor in- 
hibiter tends to reverse this effect, although the 
tendency Is statistically significant only in the case 
of the spleen of the starved rat. 


SUMMARY 


1. The catheptic activity of rat spleen, liver, and 
tumor (Walker carcinoma 256) has been deter- 
mined under the influence of a variety of treat- 
ments. 

2. In confirmation of earlier work, it is shown 
that the presence of this tumor causes an increased 
catheptic activity in the host tissues. 

3. Treatment of tumor-bearing animals with 
4-dimethylaminostilbene hydrochloride, a potent 
tumor growth inhibitor, increases the catheptic 
activity of the tumor; it also decreases the cathep- 
tic activity of the spleen of the starved, tumor- 
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bearing rat, and has a tendency, not mathemati- 
cally significant, to decrease also the catheptic ac- 
tivity of the liver and spleen of the fed, tumor- 
bearing rat. 

|. Starvation increases tumor catheptic activ- 
ity. 

5. Treatment of a starved animal with the stil- 
bene compound further increases the tumor’s 
catheplic activity. 
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Effects of a Growth Inhibitor and Other Factors on the 
Phosphoprotein Phosphatase of Tumor-bearing Rats” 


Rosert N. Femstern, Po.D., AND Murray E. VoLkt 


(From the Toxicity Laboratory and the Department of Biochemistry, University of Chicago, Chicago) 


Phosphoprotein phosphatase is the enzyme, 
found by Harris (4) in frog eggs and by Feinstein 
and Volk (2) in mammalian tissue, which splits in- 
organic phosphorus from phosphoproteins without 
preceding proteolysis. This enzyme, the signifi- 
cance of which is at present unknown, would seem 
to be of interest in the cancer problem, since phos- 
phoproteins occur uniquely in food sources for 
young and rapidly growing organisms (e.g., casein 
in milk, vitellin in egg yolk, and ichthulin in 
fish eggs). For this reason, when groups of animals 
became available which were tumor-free, tumor- 
bearing, starved, protein-depleted, or treated with 
the potent tumor growth inhibitor, 4-dimethyl- 
aminostilbene hydrochloride (3), advantage was 
taken of the opportunity to assay tissues of these 
animals for phosphoprotein phosphatase activity. 


EXPERIMENTAL 

Details of the preparation of the animals will be 
found in the preceding paper (1). Details of the 
enzyme assay method will be found in (2): briefly, 
the method consists of incubating casein as the 
substrate with a tissue homogenate as the enzyme 
source and ascorbic acid as the activator, then de- 
proteinizing with trichloracetic acid and analyzing 
the filtrates for inorganic phosphorus. 


RESULTS AND DISCUSSION 

Results are generally expressed on the basis of 
units of enzyme activity per milligram of tissue 
protein. However, as noted in the preceding paper 
(1), the method used for the determination of pro- 
tein (5) is inaccurate in the case of tissues of high 
fat content, so the data for liver, where fatty inter- 
ference often occurred, are given also on the basis 
of enzyme activity per gram of liver weight. 

* The work described in this paper was done under contract 
between the Medical Division, Chemical Corps, U.S. Army, 
and the University of Chicago Toxicity Laboratory. Under the 
terms of the contract the Chemical Corps neither restricts nor 
is responsible for the opinions or conclusions of the authors. 

+ Present address: Research Institute, Temple University, 
Philadelphia 22, Pa. 
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Table 1 presents the enzyme activity of the tu- 
mors of animals treated in various ways. The fol- 
lowing points of interest may be noted: (a) star- 
vation increases the phosphoprotein phosphatase 
activity (¢ = 2.7); (b) starvation of rats treat- 
ed with 4-dimethylaminostilbene hydrochloride 
causes an even greater Increase in the enzyme ac- 
tivity (¢ = 2.7), although the apparent increase 
due to treatment with the stilbene compound 
alone is not mathematically significant (¢ = 1.6); 
and (c) there is a very considerable strain differ- 


TABLE 1 


PHOSPHOPROTEIN PHOSPHATASE ACTIVITY 
OF WALKER CARCINOMA 256 


Number Enzyme ac- 
Treatment of tivity per milli- 
Rat strain of rat rats gram of protein 
Maguran No treatment 5 2.4+0.2* 
“ Treated with DAS 4 5.2+1.8 
” Starved 4 4.1+0.6 
- Starved; treated 3 6.8+1.6 


with DAS 
No treatment 6.1+0.6 
Protein depleted 3 3.9+1.3 


* Data presented are mean activity and standard error of the mean. 
DAS = 4-dimethylaminostilbene hydrochloride. 


Cr 


Sprague-Dawley 
se be 


ence (¢ = 5.9) in the enzyme activity of the tumors 
of Maguran and Sprague-Dawley rats. Animals of 
the two strains were of approximately the same 
weight, age, and dietary history at the time of 
testing. 

Table 2 lists data for the phosphoprotein phos- 
phatase activity of rat spleen and liver. These data 
indicate that (a) implantation of a tumor causes a 
significant increase in the enzyme activity of both 
the spleen (f = 2.8) and the liver (¢ = 3.4, on pro- 
tein basis); (6) treatment of the tumor-bearing rat 
with 4-dimethylaminostilbene hydrochloride sig- 
nificantly reduces the enzyme activity of the liver 
(t = 4.5) but not the spleen (¢ = 0.9); (c) treat- 
ment of the tumor-free rat with the stilbene com- 
pound, however, greatly increases the enzyme ac- 
tivity in the spleen (¢ = 3.2) but not in the liver 
(t = 1.0); (d) starvation greatly increases the en- 
zyme activity of both the spleen (¢ = 3.5) and the 
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liver (¢ = 4.1) of the tumor-free rat; on the other 
hand, starvation of the tumor-bearing rat causes 
an apparent increase in spleen which is mathe- 
matically not quite significant (f = 2.3) and has 
no effect on liver (¢ = 0.2). 

It is evident that further studies are required to 
establish the significance of this enzyme. The ac- 


not of the spleen; on the other hand, treatment of 
the tumor-free rat with the stilbene compound re- 
duces the activity of the spleen but not of the liver. 

4. There is a considerable difference in the en- 
zyme activity of the tumor, but not of the liver or 
spleen, between Maguran and Sprague-Dawley 
rats. 


TABLE 2 


PHOSPHOPROTEIN PHOSPHATASE ACTIVITY OF RAT SPLEEN AND LIVER 


Number 
Rat strain Treatment of rats 
Maguran No treatment 6 
. CA 7 
” CA; DAS 6 
. DAS 7 
ws PG 3 
. Starved 4 
7 CA; starved 4 
. CA; DAS; starved 5 
Sprague-Dawley CA 5 
” ” CA; protein depleted 47 
. ’ Protein depleted 4 


* Data presented are mean activity and standard error of the mean. 


Enzyme activity 
per milligram of 


Enzyme activity 
per milligram of 


Enzyme activity 
per gram of 


spleen protein liver protein liver 
4.6+0.6* 1.4+0.2* 42+ 7* 
8.8+1.4 2.9+0.4 68+ 8 
10.5+1.3 0.9+0.2 23+ $ 
12.8+2.5 2.0+0.6 51+13 
6.5+0.7 1.8+0.2 44+12 
26.3+6.1 3.6+0.5 96+ 5 
22 .3+5.8 2.8+0.3 65+ 5 
23.724. 2.8+0.3 65+ 6 
11.4+1.3 2.0+0.4 48+ 9 
22 .8+3.8 1.8+0.4 40+ 9 
36.2+8.4 2.4+0.4 04+ 3 


{ Four rats included in liver experiment; only two rats in spleen experiment. CA = host bears Walker carcinoma 256. DAS = treated with 4-dimethyl- 
aminostilbene hydrochloride. PG = treated only with propylene glycol (solvent for the DAS). 


companying data, however, would seem definitely 
to attach importance to the enzyme from the view- 
point of both the nutritionist and the oncologist. 


SUMMARY 

1. Phosphoprotein phosphatase, the enzyme 
splitting inorganic phosphorus directly from phos- 
phoprotein without preliminary proteolysis, has 
been assayed in tumor, spleen, and liver of animals 
undergoing a variety of treatments. 

2. Starvation was found to increase the enzyme 
activity in tumor, spleen, ‘and liver. 

3. Treatment of the tumor-bearing rat with the 
potent growth inhibitor, 4-dimethylaminostilbene 
hydrochloride, reduces the activity of the liver but 
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The Effect of Nitrogen Mustard on Granulocytic Cells 


as Observed by the Marrow Culture Technic’ 


lkowin I. Oscood, M.D. anp LT. 1. Cru, M.D.F 


(From the Division of Experimental Medieine, University of Oregon Medical School, Portland 1, Oregon) 


The action and effeet of the nitrogen mustard 
methyl-bis (8-chloroethyl) amine hydrochloride 
(HIN)! on hemopoietic and other tissues have 
heen studied (8.6.9 TL, 18. bb) through on eevo ob- 
servations and animal experiments, and the appar- 
ent similarity of the drug to roentgen rays and 
ultraviolet radiation has been noted. From studies 
¢ to the marrow culture technic 
(15) reported in this paper, the effect of TIN on 
marrow cells of the granulocytic series has been 

the same conditions with the ob- 


made accordin 


compared under 
served effects of ionizing radiation (16 19) and of 
urethane (20). While the ultimate effeets of these 
agents are similar, as seen in the peripheral blood 
of patients under treatment, observations of their 
mode of action in cultures of blood and marrow in- 
dicate that ionizing radiation, of all modalities 
tested, in doses uhder 400 r, inhibits or decreases 
the rate of cell division: urethane produces striking 
morphologic changes: while HIN? kills all cells of 
segmented neu- 
of morphologic 


the granulocytic series except the 
trophies’ without the occtirrenve 
changes similar to those produced by urethane. 


MATERIALS AND METHODS 

Marrow cultures were set up as previously de- 
scribed (21), using sterile ascitic fluid as a source 
of protein, instead of human cord serum. A mar- 
row culture was prepared from each of seven pa- 
tients with miscellaneous diseases displaying es- 
sentially normal marrow pictures. About 10 mi. of 
human marrow obtained by sternal puncture was 
introduced into a 50 mil.-vacecine vial contaming 
25 mi. of citrated, balanced salt solution. After 
manipulations to eliminate most of the non-nu- 

* Aided by a grant from the Medical Research Foundation 
of Oregon. 

t Now Assistant Professor of Medicine, Shanghai National 
Medical College, Shanghat, China. His fellowship in the Divi- 
sion of Experimental Medicine was made possible by the 
American Bureau for Medical Aid to China Ine. 

The nitrogen mustard used was kindly furnished by 
Merck & Co., Inc., Rahway, N.J. 
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cleated erythrocytes, the final culture contained 
about LOO00,000 
pended in about 50 mil. of medium, which consisted 
of 35 per cent human ascitic fluid and 65 per cent 
balanced salt solution, similar in composition. to 
cerebrospinal fluid. Hach calture was first) thor- 
oughly shaken ina vial until a uniform: suspension 


nucleated marrow cells sus- 


was Obtained: then samples of equal volumes were 
transferred aseptically to a series of vaccine vials, 
one of which was left as a control to which only the 
solvent was added. Equal volumes of varying con- 
centrations of the nitrogen mustard ino isotonic 
saline were added to the others. All transfers, ad- 
ditions, and withdrawals were made with sterile 
syringe and needle through rubber vaccine. vial 
caps which were sterilized each time with 70 per 
cent ethanol. A total nucleated cell count and a 
differential cell count of at least 1,000 cells were 
done oa each control and each nitrogen mustard- 
containing culture at 8, 24, and 48 hours, and from 
these data the absolute number of each type of cell 
was computed. 

The nitrogen mustard was dissolved in sterile 
saline and immediately serially diluted so that the 
amount necessary to give the desired concentra- 
tion was contained in 0.2 to 0.5 ml.: a correspond- 
ing volume of sterile saline was added to the con- 
trol culture. This manipulation was carried out 
very rapidly, the maximum time from opening the 
vial until the nitrogen mustard was mixed with the 
culture being 3 minutes. The final concentrations 
of HN2 in the cultures studied ranged from 
1:500,000-1: 10,000,000, but since no changes in 
either the number or the morphology of the cells 
were Observed in concentrations of than 
1:2,000,000, only the data from cultures contain- 
ing a concentration of 1:500,000 are reported in 
this paper. 


less 


RESULTS 
No morphologic or significant quantitative 
changes in the cells were observed in the cultures 
containing concentrations of 1:2,000,000 nitrogen 
mustard or less. The only morphologic change not- 
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edn the cultures containing greater concentra- 
tions of IIN2 was pyknosis of the nucler of the pro- 
granulocytes, myelocytes, metamyelocytes, and 
band cells, affecting 0.82 per cent, or 7 of 856 
cells counted al 3 hours; 12.4 per cent, or 57 of 461 
cells counted al 2b hours and 15.7 per cent, or 42 


of 267 cells counted at 48 hours. The eriteria for 


cell identification and the nomenclatire are those 
recommended (8) by the nomenclature com- 
mittee. 

The absolute numbers of each type of cell in 


each of the seven controls were added and their 


sums divided into the sums of the absolute mum- 
bers of the same type of cells from the seven cor- 
responding cultures containing 1:500,000 dilution 
of nitrogen mustard. Kach value was multiplied by 
100 to give the weighted mean of the numbers of 
that cell type, expressed in the percentage of the 
numbers of the same type of cell in the control at 
the same time. These results were then plotted on 
vraph paper, and it was apparent there were no 
significant quantitative deviations from the con- 
trol in any but the 1:500,000 culture. The data 
from the 1:500,000 culture are plotted in Figures 1 
and 2. Preliminary plotting of the curves for each 
cell type showed no significant differences among 
the curves for any of the cells less differentiated 
thai the segmented neutrophil; the curves for all 
these cells fit the same straight-line curve on semi- 
logarithmic paper, as shown In Figure 1. In this 
fizure, the cells capable of division—progranulo- 
eytes and myelocytes— and cells incapable of divi- 
sion metamyelocytes and band cells—have been 
plotted in groups to decrease the statistical error. 
Note that there is no difference between the data 
for the less differentiated and more differentiated 
cells: and that on semi-logarithmie paper, both 
sets of data fit a straight-line curve which inter- 
cepts the control line at zero time when the nitro- 
gen mustard was added, and intercepts the 1 per 
cent line when the number of these cells had de- 
creased to practically zero, after approximately 70 
hours. The data on the segmented neutrophils 
from the same seven cultures, plotted in the same 
way, however, fit a straight-line curve on arith- 
melic graph paper, as shown in Figure 2. This 
curve intercepts the control at 4 hours and the zero 
line at about 50 hours, giving a life-span within the 
normal limits for these cells, as previously deter- 
mined by the marrow culture technic (22). 


DISCUSSION 
The granulocytic series of cells in marrow cul- 
tures makes an ideal cell population for studies of 
the effects of therapeutic agents on living cells 
(23), because cell division is normally only mitotic 
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and occurs exclusively in the progranulocytes and 
early myeclocytes, with occasional divisions in the 
relatively small number of myeloblasts present. 
The more mature cells contain no nucleoli and 
have never been observed to divide either mitoti- 
cally or amitotically. Vhe stages of differentiation 
within the cell series are easily and sharply identi- 
fiable, and the length of life of the segmented neu- 
trophil, the most differentiated stage of the granu- 
locylic series, has been determined (22) to be 
about 48-90 hours under the conditions of the 
marrow culture, with a mean value of about 60 
hours. 

To facilitate comparison of these results of HN2 
In marrow custures with the results previously ob- 
tained (18) with roentgen irradiation, the data 
from Figure 1 in the earlier paper have been re- 
plotted on arithmetic graph paper to the same 
scale as the other figures in the present paper, as 
shown In Figure 3. Note that after ionizing radia- 
tion only the cells capable of division leave the 
contro! line at zero time, and that all cell types 
give a straight-line curve on arithmetic graph pa- 
per for at least the first 72 hours. Also note that 
there is a time lapse of 6-8 hours before the meta- 
myelocytes and band cells begin to decrease and a 
time lapse of approximately 60 hours before the 
segmented neutrophils begin to decrease, in con- 
trast to a time lapse of only 4—5 hours before seg- 
mented neutrophils decrease when HN2 is added. 

Colchicme in a concentration of 1:100,000 
showed almost identical effeets (18) to those illus- 
trated in Figure 3 for 400 r of ionizing radiation, 
as did the combination of identical amounts of 
colehicine and irradiation. However, in the cul- 
tures containing colchicine alone, approximately 50 
per cent of those cells capable of division were ar- 
rested in the metaphase of mitosis at 20 hours, 
whereas none of these cells was arrested in the 
metaphase in the irradiated cultures containing 
colchicine, and only about 0.5 per cent of cells ca- 
pable of division were found to be in mitosis in the 
control cultures which were not irradiated and had 
no added colchicine. 

These previously reported experiments showed 
clearly that ionizing radiation, in doses of 400 r or 
less, inhibits mitosis but does not kill cells of the 
granulocytic series in marrow cultures. After ioniz- 
ing radiation, the segmented neutrophils do not 
begin to decrease until after those present at the 
time of irradiation have lived out their life-span 
and died. 

It is evident from Figure 1 that the progranulo- 
cytes and myelocytes—cells capable of division— 
begin to decrease immediately, but so also do the 
metamyelocytes and band cells which are inca- 
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palle of division. The decrease for both groups of 
cells is exponential and not on a straight-line curve 
on arithmetic graph paper. This can be explained 
by the fact that nitrogen mustard instantly stops 
further cell differentiation and kills equal percent- 
ages of the surviving cells in equal time periods, in 
the interval following exposure to the drug. This is 
the usual effect of cell-killing agents. The manner 
of cell death 1s associated with pyknosis of the nu- 
cleus, a common form of cell death seen in these 
cells in untreated cultures. The action of HN2 does 
not interfere with autolysis of the cells after death, 
as evidenced by the fact that the number of disin- 
tegrated cells parallels the number of persistent 
living cells and after the first few hours does not 
increase In either the controls or the nitrogen mus- 
tard cultures. 

The well-established genetic effects (1, 2, 11, 12, 
24) of HN and ionizing radiation are statistically 
too rare events to explain the quantitative thera- 
peutic action of these agents. One of the most dif- 
ficult observations to explain in these experiments 
is the very narrow range of concentration within 
which the effects of HN2 could be demonstrated. 
With colchicine (18), effects are observable in con- 
centrations of 1:100,000,000 in marrow cultures 
and increase steadily with concentrations up to 
about 1:100,000, at which concentration essen- 
tially all mitoses are arrested in the metaphase. 
With ionizing radiation (16-19), effects are demon- 
strable in the marrow cultures with as little as 10 r 
of irradiation. More and more divisions are inhib- 
ited progressively, until dosages of about 400—- 
500 r are reached, at which levels mitoses are al- 
most completely inhibited. There is no evidence of 
an increased rate of cell death until dosages of 
1,000 to 2,000 r are reached, when killing effects on 
cells become apparent. The striking morphologic 
changes in the granulocytes produced by urethane 
(20) in marrow cultures were evident in concentra- 
tions of 1:40,000 and progressively increased up to 
concentrations of 1:200. The foregoing observed 
effects of colchicine, 1onizing radiation, and ure- 
thane represent ratios for each of these agents of 
1:1,000, 1:40, and 1:200, respectively, between the 
lowest concentration where demonstrable effects 
were observed and the highest concentration 
where increasing effects of the same type were still 
being observed. For nitrogen mustard, the ratio 
between the concentration producing the mini- 
mum observable effect and the concentration that 
kills all cells appears to be not more than 1:2 to 
1:4, suggesting that there is some type of “‘all or 
none’ relationship between the concentration and 
effect. This, perhaps, explains why the clinical 
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dosage has to be so accurately based on body 
weight, and why it has been impossible to find an 
effective therapeutic dose that does not also pro- 
duce toxic effects. The known very short life of the 
active onium ion from nitrogen mustard indicates 
that the action must take place almost instantane- 
ously and must produce an effect which is long 
persistent. The effective concentration is probably 
present with the customary dose clinically used, 
but it seems unlikely that this effective concentra- 
tion would be present for longer than a very few 
minutes. The customary dosage of 0.1 mg. HN2 
per kilogram of body weight is equivalent to 0.1 
mg. per 45 ml. plasma, or an HN2 concentration 
of 1:450,000. So it would seem that the effects 
must all take place within a very few circulation 
times, after which the HN2 would be diluted to an 
ineffective concentration. This would explain the 
observation of Karnofsky, Graef, and Smith (13), 
that by means of occluding the circulation to the 
lower extremities by means of clamps on the ab- 
dominal aorta and inferior vena cava during and 
for 2-15 minutes after the administration of HN2, 
the femoral marrow was spared the usual nitrogen 
mustard effects. 

It is readily understood why the action of HN2 
has been confused in the past with the action of ir- 
radiation, since, with either, the segmented neu- 
trophil count in the blood decreases arithmetical- 
ly; and it would be easy to miss the greater time 
lag after irradiation before this decrease begins, 
because of the large variations in neutrophil count 
which normally occur diurnally, as well as the 
many other variables present in the human body, 
most of which are controlled by the marrow cul- 
ture tecnnic. The early decrease of the leukocytes 
in the peripheral blood after HN2 therapy is well 
shown in Figure 11 of the report (7) by Dameshek, 
Weisfuse, and Stein. 


SUMMARY 

Studies according to the marrow culture technic 
indicate that the action of the nitrogen mustard 
methyl-bis (6-chloroethyl) amine hydrochloride is 
different from that of ionizing radiation, colchi- 
cine, or urethane on cells of the granulocytic 
series. 

The nitrogen mustard stops differentiation and 
kills all cells less differentiated than the segmented 
neutrophil but has little or no effect on the life- 
span of the segmented neutrophil. Cell death oc- 
curs exponentially, and equal percentages of the 
surviving cells are killed in equal time-intervals. In 
the concentrations investigated, HN2 does not ap- 
preciably affect the rate of cell death of the seg- 
mented neutrophils. 
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INTRODUCTION 

A decrease in the liver catalase activity in 
tumor-bearing rats was reported by Greenstein 
and collaborators in 1941 (1). Since the appear- 
ance of this early report, the same authors have 
investigated the effects of a relatively large num- 
ber of different tumors upon liver catalase activity 
in rats and mice (2-5). These studies have shown 
that the decrease in activity of the liver catalase is 
an almost constant finding in the tumor-bearing 
rats and mice. Whether this decreased activity is a 
unique effect of the tumor on the liver of these ani- 
mals has not been established. 

The studies presented in this report represent, 
in part, an attempt to determine the effect of cer- 
tain other conditions on the activity of the liver 
catalase. In addition, another matter has been in- 
vestigated. Greenstein stated (2) that the average 
ratio between the activity of liver catalase in tu- 
mor-bearing rats and the average activity of nor- 
mal rat liver is about one to four when determined 
by the titration method of Jolles-Stern as modified 
by Sumner (6), but he found that this ratio is 
about one to twenty when oxygen evolution was 
used as a measure of catalase activity. The reason 
for the discrepancy between the results as deter- 
mined by the two methods was not apparent. In 
order to investigate this finding further, we have 
measured the catalase activities of normal rat 
liver and liver of tumor-bearing rats by both the 
titrimetric method and a method involving mano- 
metric measurement of oxygen evolved. 


PROCEDURE AND RESULTS 

Liver samples were obtained either by immedi- 
ate removal of the livers of decapitated rats or by 
partial hepatectomy performed upon rats an- 
esthetized by ether. The livers either were ho- 
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York, and to the Donner Foundation, who provided funds to 
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the leprous rats. 
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mogenized immediately in a ground glass homoge- 
nizer or were immediately frozen in the freezing 
compartment of a refrigerator and stored there for 
periods of time not exceeding 48 hours. In a prelimi- 
nary study, it was found that the catalase activ- 
ity of livers kept below freezing in a refrigerator 
had not decreased after a period of storage of 
1 week. There was, moreover, no decrease in ac- 
tivity of livers stored in a deep freeze at —15° C. 
during a period of 1 month. 

For homogenization, the liver sample was cut 
into small pieces and was washed with distilled 
water into a ground glass homogenizer of a type 
previously described (7). In order to maintain a 
relatively uniform homogenate with a dry weight 
of about 80 mg. per milliliter, one part by weight 
of fresh liver was homogenized with two parts by 
volume of distilled water. The dry weight of the 
homogenate was determined by pipetting a 1.0-ml. 
sample of the homogenate into a small tared glass 
cylinder and then drying to constant weight at 
105° in an oven. 

Before determining the catalase activity, the 
homogenate was diluted to a degree suitable for the 
method of determination being used. Normal rat- 
liver homogenate with a dry weight of 80 mg. per 
milliliter was diluted 1-200 for titrimetric deter- 
mination, and 1—4,000 for manometric determina- 
tions. The dilutions were made by adding the 
homogenate to a suitable quantity of a 1 per cent 
gum arabic solution previously neutralized to pH 
7 with NaOH, in order to minimize a rather rapid 
decay of the enzyme activity which takes place 
when the homogenate is diluted with distilled 
water. The determinations of activity were then 
carried out immediately following dilution of the 
homogenate. The original homogenate can _ be 
stored at about 3° in a refrigerator for at least 12 
hours without loss in catalase activity. 

In the determination of catalase activity by 
titration, Sumner’s modification of the method of 
Jolles was used (6) with slight changes. The 5-ml. 
samples, withdrawn from the catalase-H:O>-buffer 
mixture in the ice bath, were mixed with 5 ml. of 
10 per cent H,SO,. Then 1.0 ml. of 5 per cent KI 
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solution was added, followed by ten drops of a 
saturated solution of molybdic acid. The substitu- 
tion of the latter for ammonium molybdate is ad- 
rantageous, because less trouble is experienced 
with reappearing end-points. The flasks are al- 
lowed to stand for 3 minutes in the dark, with oc- 
‘asional shaking, and the samples are titrated as 
usual with 0.005 N sodium thiosulfate. The Kat. f. 
values are calculated from the formula of von 
Euler: f. = K X dilution/dry weight, where K is 
the pseudo- monomolecular reaction velocity con- 
stant extrapolated to zero time, and dry weight is 
the dry weight of the undiluted homogenate in 
grams per milliliter. 

The manometric method used for the estima- 
tion of catalase activity is based upon measuring 
the amount of oxygen evolved during an interval 
of 15 minutes by the action of 0.2 ml. of diluted 
homogenate upon 1.2 ml. of 0.04 N hydrogen perox- 
ide solution buffered to pH 6.8. A special mano- 
metric apparatus was used which is described in 
the publication of the Atomic Energy Commission 
on the Pharmacology and Toxicology of Uranium 
Compounds (8). The manometric determination is 
also discussed completely in this publication. The 
M values reported in this paper represent readings 
of a water column in millimeters, per milligram dry 
weight of homogenate (after dilution). These val- 
ues are very close to cubic milliliters of oxygen 
evolved per dry weight of homogenate. For con- 
venience, all M values are divided by 1,000. All 
manometric results represent averages of three de- 
terminations carried out with three separate ma- 
nometers, although only one dry weight was deter- 
mined in each case. 

Leprous rats—The twelve rats used in this 
study were approximately l-year-old males and fe- 
males of the Wistar strain. About 10 months ear- 
lier, the rats had been artificially inoculated in the 
inguinal region with suspensions of Mycobactertum 
leprae murium. Eleven of the rats were found to 
have the disease in an advanced stage, when the 
livers were removed for determination of catalase 
activity. 

The animals were killed by decapitation, and 
the livers were dissected free. The liver catalase ac- 
tivity was determined by the manometric method. 
An average decrease of about 29 per cent in liver 
catalase activity occurred in ten of the twelve 
rats. Rat No. 6, which was moribund at the time of 
examination, had a decrease in catalase activity of 
about 77 per cent. Rats Nos.2 and 8 had values that 
fell within normal limits. It was found that rat No. 
2 did not have an advanced diffuse disease but a 
well-localized inguinal leproma. 

The rats used as normal controls were males and 
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females of the Wistar strain and ranged in weight 
from 166 to 309 gm., with an average weight of 
about 230 gm. The results of this experiment are 
“ne. alee 
shown in Table 2. Values for normal animals can 
be found in Table 1. These controls are the same as 
those used in studying the liver catalase of tumor- 
bearing rats. 


TABLE 1 


LIVER CATALASE VALUES OF 
NORMAL CONTROL ANIMALS 


LIVERS OBTAINED FROM DECAPITATED RATS 


Rat number M /1,000 
1 3: .3 
2 16.8 
3 18.5 
4 20.0 
5 19.3 
6 12.5 
7 19.5 
8 19.5 
9 19.3 

10 19.9 
11 20.5 
12 18.3 
13 15.3 
14 17.7 
15 18.7 
16 15.0 
17 11.9 
18 9.2 
19 20.8 


Mean=18.1 
S.* =0.90 





Ss — 
*S; = (standard deviation of mean). 
Vn 
ly as 
n— yy 


TABLE 2 


LIVER CATALASE OF LEPROUS 
RATS, DETERMINED MANO- 
METRICALLY* 


Rat number M /1,0007 
1 10.0 
2 21.5 
3 13.5 
4 12.6 
i 13.6 
6 4.2 
7 8.2 
8 17.7 
9 14.1 

10 11.8 
11 14.4 
12 12.1 
Mean (exclusive of ani- 
mals Nos.2and6) = 12.8 
Sz = 1.3} 


* Rats number 2 and 6 were excluded 
from valuesused tocompute the average val- 
ue and toevaluate statistically the probabil- 
itv that the difference of this average from 
the average for normal control animals is 
due to chance alone (see text). P < 0.01. 


+M = manometer reading, millime- 
ters divided by calculated dry weight of 
the amount of dilute d homogenate used in 
the determination. 
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Thiouracil-fed and thyroidectomized rats.—Thy- 
roidectomy was performed on a group of ten rats. 
The average M value of liver catalase for the 
group, obtained by studying liver lobes removed 
surgically from 16 to 45 days after the thyroidec- 
tomy, remained normal. Rats injected and fed 
with thiouracil also retained normal liver catalase 
values for 11-37 days after the onset of the treat- 
ment. Thus, there is no evidence that impaired 
thyroid function alters the liver catalase in rats, 
at least for the periods of time in question. 

Liver catalase of tumor-bearing rats, and com- 
parison of titrimetric uith manometric methods for 
estimating the liver catalase of tumor-bearing and 
normal rats.—The experimental group in this study 
contained both male and female Wistar rats bear- 
ing transplants of Walker carcinoma 256 in the in- 
guinal region. All tumors weighed from 15 to 30 
per cent of the total body weight of the animal at 
the time of determination of the catalase activity. 
The control rats were similar, except that they were 
not tumor-bearing. The animals were decapitated, 
and the liver catalase was determined by both man- 
ometric and titrimetric methods previously de- 
scribed. For each animal the following ratio R was 
calculated: R = (Manometric Value/1,000) / Kat. f. 
The ratios of (M/1,000) / Kat. f. for control animals 
are given in Table 3. The average ratio is 1.35. 
(The control animals studied in this way are all in- 
cluded in Table 1, which lists all control animals 
used in the study, except those from which liver 
lobes were removed surgically.) The ratios of 
(M /1,000) /Kat. f. for the tumor-bearing animals 
are given in Table 4. The average ratio 1s 1.54. 
The difference in the ratios is insignificant com- 
pared to the corresponding fivefold difference 
which can be calculated from Greenstein’s data. 

The nine tumor-bearing rats showed an average 
decrease in liver catalase, by manometric analysis, 
of 43.6 per cent from the average value for the con- 
trol group shown in Table 1. The probability that 
this difference is due to chance alone is less than 
0.01. 

Statistical analysis of results—We are indebt- 
ed to Mr. Lee Crump of the University of Roches- 
ter section of the Atomic Energy Project for all 
Statistical analyses reported in the tables. The 
probability that the lowering of liver catalase in 
the leprous rats was due to chance alone is less 
than 0.01 (see Tables 1 and 2 for values compared), 
and the same finding is also true in the case of the 
lowering of liver catalase in the tumor-bearing 
rats, whether determined by gasometric analysis 
or by titrimetric analysis. (See Tables 1 and 4, 
col. 2, for results compared in the case of gaso- 
metric analysis, and Tables 3 and 4, col. 3, for 








the results compared in the case of the titrimetric 
analysis. ) 

The probability that the difference between the 
average ratios for M/1,000 to Kat. f. in the case of 
gasometric and titrimetric analysis was due to 
chance alone was calculated to be 0.04. This P 


TABLE 3 


COMPARISON OF MANOMETRIC ANALYSIS FOR LIVER 
CATALASE WITH TITRIMETRIC ANALYSIS 
IN NORMAL RATS 





Rat M /1,000 
number M /1,000 Kat. f. Kat. f. 
1] 20.5 116 1.77 
12 18.3 145 1. 26 
13 15.3 131 1.17 
14 17.7 155 1.14 
15 18.7 136 1.37 
16 15.0 109 1.38 
17 11.9 83 1.43 
18 9.2 75 1.22 
19 20.8 150 1.39 
Mean= 16.4 Mean= 122 Mean=1.35 

Sz;= 1.31 S7=9.8 Sz7=0.141 
TABLE 4 


COMPARISON OF MANOMETRIC ANALYSIS FOR LIVER 
CATALASE WITH TITRIMETRIC ANALYSIS IN 
TUMOR-BEARING RATS* 


Rat M /1,000 

number M /1,000 Kat. f. Kat. f. 
l 3.8 40 1.46 
2 16.2 122 1.33 
3 14.6 107 1.37 
4 6.8 40 1.69 
5 8.9 o7 1.56 
6 9.9 66 1.50 
7 5.6 36 1.54 
8 11.6 77 1.50 
9 11.5 61 1.89 
Mean=10.1 Mean= 67 Mean=1.54 

Sz;= 1.31 Sz= 9.8 Sz=0.141 


* P value for Table 4, col. 2 vs. Table 1, col. 2 <0.01. P value 
for Table 4, col. 3 vs. Table 3, col. 3 <0.01. P value for Table 4, col. 
4 vs. Table 3, col. 4 <0.04. (See text on statistical evaluation of 
results.) 


‘ralue tends to indicate a significant difference, but 
nevertheless it is by no means conclusive. In any 
case, the magnitude of the difference is small com- 
pared to the corresponding difference reported by 
Greenstein, and in our opinion is of sufficiently 
small magnitude as to be easily attributable to 
some systematic error of analysis. 

DISCUSSION 

The significance of the lowering of the liver 
catalase activity in rats with murine leprosy can- 
not be properly evaluated without pathological ex- 
aminations of the livers, which is not available for 
the animals we studied. The decrease in activity of 
liver catalase in tumor-bearing animals occurs in 
the absence of demonstrable histological changes 
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from the normal liver architecture. Conditions 
which must be ruled out as a possible mechanism 
for decrease in liver catalase activity in leprous 
rats, obtained in the experimental work, are (a) 
fatty liver and (b) a replacement or infiltration of 
liver parenchymal cells with tissue or material of 
low catalase activity such as connective tissue, 
amyloid, ete. On gross examination, the livers of 
the leprous rats appeared slightly paler than those 
of normal rats but otherwise were unremarkable. 
Krakower and Gonzalez reported (9) that the liv- 
ers of rats with inguinal lepromas were scarcely or 
only slightly involved, on microscopic examina- 
tion. Fite (10) reported that small clusters of dark- 
staining monocytes were seen in the livers of rats 
6-8 months following subcutaneous introduction of 
leprous material into the leg. It would seem that 
the per cent of involvement of the total livers of 
such rats is not great. Fite found also that when 
damage to the parenchymal cells of the liver is 
present, it is of a compression atrophy type, due to 
increase in size of leprous masses. If subsequent ex- 
aminations show that the livers of leprous rats 
have no noticeable architectural changes, it will 
represent a pathological condition, in addition to 
tumors, in which cellular enzyme activities of the 
liver are altered. 

No significant change was found in liver cata- 
lase activity of either thyroidectomized rats or 
rats maintained on thiouracil dosage presumed to 
be sufficient to produce hypothyroidism. These re- 
sults would indicate that the liver catalase activity 
is not altered as are certain other oxidative en- 
zymes in the liver, such as succinoxidase and cyto- 
chrome oxidase (11) by hypothyroidism. 

The results of this study confirm Greenstein’s 
observations of lowered catalase activity in livers 
of tumor-bearing rats. However, contrary to the 
results of Greenstein, only a small difference was 
noted between the gasometric and _ titrimetric 
methods when applied to livers of normal rats and 
livers of tumor-bearing rats. Although this differ- 
ence was possibly significant, at a P level of 0.04, 
it was so small that it could be ascribed in all 
probability to systematic experimental error, such 
as a failure to control temperature or peroxide con- 
centration with sufficient exactitude. 

All measurements of catalase activity have been 
based on the amount of enzyme per unit dry weight 
of liver. Hence, it might be argued—as mentioned 
in the case of livers of leprous rats—that the lower- 
ing of enzyme activity in the livers of tumor-bear- 
ing rats could be a relative effect due to the ac- 
cumulation of fat, glycogen, or other material in 
the liver. However, neither the fat nor the gly- 
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cogen content of livers of rats bearing Walker 
carcinoma 256 is known to be high. 

It is known that the liver of tumor-bearing rats 
tends to be enlarged. However, the liver catalase 
levels return to normal so rapidly after extirpation 
of the tumors (3) that it is difficult to account for 
lowered catalase concentration in the livers of tu- 
mor-bearing rats solely because of liver enlarge- 
ment. 

Miller (12) showed that starvation caused a sig- 
nificant decrease in liver catalase in female rats, 
and Mider, Tesluk, and Morton (13) showed that 
rats bearing Walker carcinoma 256 are in many re- 
spects similar to starving animals. The lowering of 
the liver catalase in tumor-bearing rats might, 
therefore, be more related to a disturbance of ni- 
trogen metabolism in the animal, caused by the 
tumor, than to a specific failure to synthesize the 
prosthetic group of the enzyme (hematin), as sug- 
gested at one time by Greenstein (4). This idea is, 
in part, supported by the work of Lan (14), who 
showed that the apoenzyme of liver pD-amino- 
acid-oxidase is decreased more than the prosthetic 
group (flavin-adenine-dinucleotide) in rats bearing 
hepatoma 31, although the p-amino-acid-oxidase 
of the livers of rats bearing Walker carcinoma 256 
seemed to be normal in activity. However, it must 
be admitted that the fundamental cause of the 
lowering of liver catalase in tumor-bearing animals 
remains uncertain up to the present time. 


SUMMARY 

1. In rats with advanced murine leprosy, the 
liver catalase activity, based on the activity of 
enzyme per unit dry weight of liver, is significantly 
lowered. 

2. In surgically thyroidectomized rats and rats 
treated with thiouracil, no significant change in 
liver catalase activity was noted. 

3. A lowering of the activity of catalase, per 
unit dry weight of liver, was found in tumor-bear- 
ing rats. This finding was in agreement with Green- 
stein. 

4. The per cent decrease of liver catalase activ- 
ity in tumor-bearing rats, as compared to normal 
rats, was found to be of the same magnitude, 
whether measured by titrimetric or manometric 
methods. 
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‘Transplanted Mouse Leukemia as a Test Object for the 


Evaluation of Chemotherapeutic Agents” 
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Transplanted mouse leukemia has been used 
during the past few years for evaluating the thera- 
peutic effectiveness of various agents, some of 
which have been used clinically (1-10). Viable 
mouse leukemic cells proliferate when moculated 
into mice of appropriate genetic relationship and 
give rise to disseminated lesions in the recipient. 
The disease is not distinguishable morphologically, 
in the terminal stages, from spontaneous leukemia. 
Since a calculated number of cells is inoculated into 
mice of known genetic constitution and age, ex- 
periments utilizing transplanted leukemia can be 
well controlled. 

Transplanted leukemia differs in certain. re- 
spects from spontaneous leukemia. In the latter, 
the malignant leukocytes are derived (directly or 
secondarily) from normal cells of the host (11, 12), 
whereas in the transplanted disease leukemic cells 
proliferate following their introduction into a suit- 
able nonleukemic host which serves as a medium 
for the culture of cells (13-15). Mice susceptible to 
transplantation have been immunized against the 
cells of certain transfer lines (16), but similar re- 
sistance could not be induced against either spon- 
taneous leukemia or the cells of the first transfer 
generation (17). Although cellular transplants toa 
new host are similar, they are not strictly com- 
parable to metastases in the initial host. 

If the screening method, utilizing the trans- 
planted disease, is to serve as a basis for clinical 
application, criteria for determining effectiveness 
should be similar in both eases. Even though a 
screening method may provide a rapid and ac- 
curate means of comparing the action of com- 
pounds under specified, controlled conditions, it 
may not satisfy the objective, which is to deter- 

* This investigation has been aided by grants from the Na- 
tional Cancer Institute, The Jane Coffin Childs Memorial 
Fund for Medical Research, The American Cancer Society, 
The Donner Foundation, and the Cancer Fund of the Gradu- 
ate School of the University of Minnesota. 

+ Submitted in partial fulfilment of the requirements for 
the degree of Master of Science at the University of Minne- 
sota. 
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mine the possible utility of compounds in amelior- 
ating the human disease. 
ra U . ° 
Phe purpose of the present report is to consider 
certain aspects of the significance of results with 
transplanted mouse leukemia. 


MATERIALS AND METHODS 

‘Two transfer lines' of mouse myeloid leukemia, 
15 and 686, were used in this study. The spontane- 
ous cases from which these lines originated arose in 
the high leukemia F strain (15). Transfer genera- 
tions between 11 and 82 of line 15, and between 
7 and 26 of line 686 were employed (Figs. 1, 2, and 
3). Transfer was effected by the intraperitoneal 
inoculation of 1,000,000-5,000,000 splenic. cells 
suspended in isotonic saline. In every experiment, 
control and test mice received similar doses of 
cells. 

It had been observed previously (4) that if 
treatment with either potassium arsenite (in the 
form of Fowler’s solution?) or ethyl carbamate 
(urethane*®) was begun within 48 hours after inocu- 
lation of cells for transfer, survival was prolonged in 
either of these transfer lines. The daily dose of 
Fowler’s solution was 0.1 mg. per mouse, and of 
urethane, 0.3 mg. per gram of body weight. The 
drugs were dissolved in water and administered by 
intraperitoneal injection. Leukemic cells were 
transplanted into F; hybrid mice obtained by 
crossing F strain males with females of either the 
CBA, Bagg albino, or Strong A strains. All test ani- 
mals and controls for each experiment (Figs. 1, 2, 
and 3) were of comparable age, genetic constitu- 
tion, and weight (15-20 gm.). 

In two series of experiments, one with line 15 
and the second with line 686, the procedure, utiliz- 
ing Fowler’s solution was the following: (a) treat- 
ment daily until death, starting 24 hours after 
transfer or for varying periods of time up to 20 

1 The term “‘line’’ is used to indicate cell lineage in succes- 
sive transfers. 

2 Fowler's solution— Merck. 


3 Urethane was obtained through the courtesy of Dr. L. E. 
Josselyn of Abbott Laboratories. 
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days after transfer, at which time “therapy” was 
discontinued (Figs. 1 and 2) and (6) treatment 
was delayed from 4 to 17 days after transfer, and 
then the drug was given daily until death. 
Utilizing line 15, similar experiments were done 
wilh urethane as the test material (Fig. 3). 
Animals were weighed three times weekly. 
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after the initial transfer. Invariably, these mice 
developed leukemia upon reinoculation. 

If treatment was delayed until approximately 
the fifth to the tenth day after transfer, an in- 
crease In survival was obtained in certain experi- 
ments, although in general the inhibitory effect 
was far less pronounced (Figs. 1 and 2). In rela- 
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Fic. 1.—Effect of Fowler’s solution (potassium arsenite) on the development of line 15 transplanted leukemia. The width of 
each open bar designates a single test animal. For each experiment the number of controls (for determining control survival) 
equalled the number of test animals. The period of treatment is indicated by the length of the black bars, and the open bars indicate 
the period during which no treatment was given. 








RESULTS 

Although potassium arsenite exhibited an “‘anti- 
leukemic” effect when administered continuously 
beginning 24 hours after transfer, effectiveness was 
decidedly diminished if treatment was delayed 
(Figs. 1 and 2). The development of the disease 
was inhibited in most cases when treatment was 
begun 1 day after transfer (Figs. 1 and 2); un- 
treated controls survived 22-29 days in line 15 and 
21-40 days in line 686. That the animals which did 
not develop leukemia were susceptible to the de- 
velopment of the disease was demonstrated by re- 
inoculation with a standard dose of cells 100 days 


tively few cases was the development of the dis- 
ease prevented. Potassium arsenite was without 
effect in increasing survival when treatment was 
begun 15 days after transfer, at which time the 
animals were still vigorous, although their spleens 
were palpable. 

When treatment was given for only the 5, 10, 
or 20 days following transfer, results were com- 
parable to those obtained when continuous treat- 
ment was given (Figs. 1 and 2). 

Results with urethane on line 15 indicated that 
the drug was most effective when treatment was 
begun soon after transfer, even though its admin- 
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istration was limited to a relatively few days 
(Fig. 3). 

Phe animals utilized in these experiments were 
growing. General body growth was depressed tem- 
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Fic. 2.—Effect of Fowler's solution (potassium arsenite) on 


the development of line 686 transplanted leukemia. 


porarily by Fowler's solution (38-4 days following 
the first injection), after which normal increase in 
weight occurred. In the case of urethane-treated 
mice, weight was maintained, but body growth 
was inhibited. 

All of 200 control mice developed leukemia when 
inoculated with cells from the two transfer lines 
used in these experiments. Survival times are in- 
dicated in the graphs. 


DISCUSSION 


These results demonstrate that, although treat- 
ment with certain chemical agents significantly 
increased survival time in two lines of transplanted 
leukemia, inhibition of proliferative activity ac- 
tually occurred only relatively early after transfer, 
during what may be termed the “‘pre-proliferative 
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phase.” The course of the disease was not altered 
in leukemic mice of these transfer lines by the 
same treatment that was so effective when used 
soon after transfer. The development of one line of 
leukemia in strain AK was inhibited by benzol 
when treatment was begun within a few days after 
transfer (2, 3). Benzol had some inhibitory effect, 
although less pronounced, when fully leukemic ani- 
mals were treated. 

It has been observed that, even though a chemi- 
eal exhibits an “‘anti-leukemic”’ effect for one trans- 
fer line. it may be completely ineffective in in- 
hibiting other transfer lines (2, 3, 9). Although 
potassium arsenite actually prevented the develop- 
ment of leukemia in line 15, it did not significantly 
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Fic. 3.—Effect of urethane on the development of line 15 
transplanted leukemia. 


alter the course of the transplanted disease in 
lymphoid lines 926, 794, and 876 (strain F) in this 
laboratory (18). Whether a transfer line is lymph- 
oid or myeloid may determine its response to cer- 
tain agents, e.g., potassium arsenite and urethane. 
However, one myeloid line may be affected by a 
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compound, e.g., benzol, without appreciable ef- 
fect on other myeloid lines (2, 3). The transfer 
gencration, whether early or late, and the number 
of cells used for transfer may also be factors in de- 
termining the effectiveness of compounds (18). 
Potassium arsenite inhibited the development of 
leukemia In all sixteen mice of the first through the 
26th transfer generations of line 15 (4, 18). Subse- 
quent to the 26th transfer, an occasional mouse 
similarly treated has become leukemic before 100 
days after transfer (18). 

The effect of potassium arsenite and urethane 
appears to be significant in that other arsenicals 
(18) and carbamates closely related chemically to 
ethyl urethane (18) were ineffective in inhibiting 
the development of transfer lines 15 and 686, even 
when administered within 24 hours after inocula- 
tion of cells to transmit the disease. Although cer- 
tain chemically related carbamates depressed gen- 
eral body growth, they did not inhibit the develop- 
ment of leukemia in growing mice. Most of the 
agents which inhibit the development of trans- 
planted leukemia also depress body growth, indi- 
eating that their effect is not specific for cancerous 
tissue. 

Drugs which have been reported to provide pal- 
liative effects clinically (19-21) are among those 
which cause increased survival time in transplant- 
ed mouse leukemia. Experimentally, these materi- 
als have been administered soon after transfer. It 
remains to be proved that if an agent appears 
promising under the favorable circumstances of ex- 
periments on transplanted mouse leukemia, it has 
clinical utility. A. more critical test of possible 
clinical application might be made on spontaneous 
or induced mouse leukemia which are more similar 
to the human disease in that leukemic transforma- 
tion of normal cells occurs in the test object. Un- 
fortunately, experiments on the spontaneous and 
induced diseases are more difficult to control, and 
the experimental period is longer than in trans- 
planted leukemia. 


SUMMARY AND CONCLUSIONS 

Potassium arsenite may actually inhibit and 
urethane may delay the development of certain 
lines of transplanted mouse myeloid leukemia, if 
treatment is begun within a few days after trans- 
fer. Increase in survival time, and even complete 
inhibition, may be obtained by limiting treatment 
to the first few days after inoculation of leukemic 
cells. Limited or no protection is provided against 
transplanted leukemia when these drugs are given 
after the host is leukemic. It would appear that 
these findings apply to other agents, such as the 
folic acid antagonists (18). Other arsenicals and 


chemicals closely related to urethane may exhibit 
no “‘anti-leukemic effect”? when given in maximum, 
tolerable daily doses under the most favorable cir- 
cumstances, that is, during the “‘pre-proliferative 
period” within a few days after transfer, indicating 
some specificity of drug action. Compounds eftfec- 
tive in Increasing survival time include those which 
have been used clinically. It does not follow, how- 
ever, that materials effective under experimental 
conditions will provide palliation clinically. 
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Pigment on Reduction and Its Use in the Demonstration 
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are water-soluble, colorless compounds, which on 


reduction yield deep-red, water-insoluble pigments TT" 
known as formazans (26, 18). Improvements in the 4 fa mw) + 


Tetrazolium salts, first synthesized in 1894 (26), SY W=8 Ce 


synthesis of these compounds and the preparation 


of several new derivatives have been reported re- 
cently (18, 2, 24, 34). Dipheny]! p-iodopheny! tetra- Ce 
zolium chloride labeled with radioactive iodine 3 


NEN Cc 


(1,31) was prepared by us, and the distribution of 
radioactivity in the tissues of tumor-bearing mice 
after intravenous injection was determined (34). 
The reduction potential of 2,3,5-triphenyl tetra- 
zolium chloride is reported (19) to be —0.08 v and 
appears to be in the proper range for the demon- 
stration of oxidation-reduction enzymes. ‘Tetra- y + 
zolium salts have been used as a test reagent for 

growing plants and germinating seeds (19, 21, 22, beet 
27, 5, 38, 29, 1). They also demonstrate reducing 

enzyme or dehydrogenase systems in molds, bac- OD HCO OCH, 
teria, and mammalian tissues (19, 23, 1, 29, 36, . 
20, 10). 

The stability of the colored formazans and their i DIFORMAZAN 
insolubility in water suggested the possibility of BLUE PIGMENT 
using the tetrazolium salts as hydrogen acceptors 
in developing histochemical methods for demon- ~2H || +2H 
strating a variety of enzymes with the aid of suit- \ 
able substrates. However, a dark-blue rather than 
a red pigment would be preferable for microscopic | | 
study. A new ditetrazolium salt (IV) which yields S 
a blue diformazan (IIT) on reduction was prepared 


—— x 
by oxidation of the diformazan (III), which was >) , 








obtained by coupling benzal phenylhydrazone (1) 


\4 \ 
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and tetrazotized diorthoanisidine (II) in pyridine. 

As a preliminary to the development of histo- 
chemical methods, in vitro measurements of endog- 
enous! dehydrogenase, specific dehydrogenase, 
and cysteine desulfurase were made on extracts of 
tissue homogenates. The diformazan produced by 
enzymatic activity was extracted with ethyl ace- 
tate and measured colorimetrically. Dehydrogen- 
ase activity in vitro and in vivo of normal and neo- 
plastic tissues was also studied and is herein re- 
ported, together with the synthesis of the new di- 
tetrazolium salt? (BT, ‘‘blue tetrazolium’’) and 
data on its toxicity for mice. 


EXPERIMENTAL 


PREPARATION OF A DITETRAZOLIUM SALT (BT) Wuicu 
GIVES A BLUE PIGMENT ON REDUCTION 


Benzal phenyl hydrazone (1) (9).—Pheny] hydra- 
zine (108 gm.) was dissolved in 95 per cent ethanol 
(1,000 ce.), and redistilled benzaldehyde (106 gm.) 
was added with stirring. A yellow crystalline prod- 
uct separated. The mixture was cooled in ice, and 
the crystals were collected and dried; the yield was 
175-180 gm. 

3,3’ Dianisole bis-4,4' (3,5 diphenyl) formazan 
(II1I).—Benzal phenyl hydrazone (157 gm.) was 
dissolved in pyridine*® (1,200 ce.) and cooled to 
—5°C. Stabilized tetrazotized diorthoanisidine* 
(Il) (676 gm.) was added in small portions with 
stirring. The temperature, which tends to rise dur- 
ing the coupling reaction, was maintained below 
5.0° C. by cooling in an ice and salt mixture. The 
tetrazonium salt was added slowly, and the reac- 
tion which follows the addition of each portion was 
allowed to subside before introducing the next por- 
tion. The addition of all the tetrazonium salt took 
approximately 25 hours. The thick, dark-blue mix- 
ture was then allowed to warm to room tempera- 
ture and was stirred for 2 hours until gas evolution 
ceased. Alcohol (1,000 cc. of 50 per cent) was added 
with vigorous stirring. The blue-black diformazan 
(III) which precipitated was collected on a Buch- 
ner funnel, washed once with 50 per cent alcohol 
(250 ce.), sucked dry, and washed thoroughly with 
distilled water heated to boiling. The product was 


1 The term “endogenous dehydrogenase” is not entirely ap- 
propriate, since it is used here to refer to dehydrogenases in the 
tissues which act upon unidentified endogenous substrates. 


2'This compound may now be purchased from Manomer- 
Polymer, Inc., 3430 West Henderson St., Chicago 18, III. 


$'The use of pyridine in preparing the diformazan was criti- 
cal, and pyridine was found to be superior to alkali and alcohol 
used in the preparation of other formazans. 


4 Available commercially as Dupont Naphthanil Diazo 
Blue B in stable powder form and contains 20 per cent tetraz- 
otized diorthoanisidine, 5 per cent zine chloride, and 20 per 
cent alumnium sulfate. 


eas 


dried, ground to a fine powder, suspended in boil- 
ing distilled water, and stirred 10-15 minutes, in 
order to remove inorganic salts. The blue-black 
product was filtered with suction and washed ten 
times with hot distilled water; the yield was 220- 
230 gm., m.p. 204°-206° C. (uncorr.). The product 
contained a small trace of inorganic impurity. 


Analysis: 
Calculated for C4p9H3sNsQ0: C, 73.1; H, 5.2 
Found: C, 73.0; H, 5.1 


Attempts to recrystallize the diformazan were 
not successful. The compound was very soluble in 
chloroform, carbon tetrachloride, benzene, ace- 
tone, and ethyl acetate and tended to oil out when 
concentrated solutions of the diformazan in these 
solvents were cooled. Prolonged heating in organic 
solvents, and, particularly, in dioxane, glacial ace- 
tic acid, pyridine, and alcohol caused decomposi- 
tion. The formazan in chloroform was photosensi- 
tive. However, the diformazan could be dissolved 
in warm pyridine and reprecipitated with water. 

3,3’ Dianisole bis-4,4' (3,4 diphenyl) tetrazolium 
chloride (IV) (BT).—Powdered diformazan (66 
gm.) was suspended in 95 per cent alcohol (500 cc.) 
in a 2-liter, 3-necked flask, fitted with a mechanical 
stirrer and a dropping funnel. Amyl or iso-amy] 
nitrite (58 gm.) was added. With mechanical stir- 
ring, concentrated hydrochloric acid (49 gm.) was 
added slowly over a period of 60 minutes at room 
temperature. Another portion of amyl nitrite (8 
gm.) and concentrated hydrochloric acid (6.5 gm.) 
were added dropwise. The diformazan dissolved, 
and its blue color was discharged in the process of 
oxidation to the ditetrazolium chloride. After be- 
ing stirred 24 hours, the resulting yellow-brown 
solution was filtered from a dark-brown precipi- 
tate. The residue was washed once with hot alcohol 
and discarded. The filtrates, concentrated to 500 
ee., were added to hot water (2,000 cc.) and the 
mixture was concentrated to 2,000 cc. by boiling. 
In the course of evaporation a tarry scum formed 
and rose to the surface. This product® was removed 
with a spatula and discarded. Charcoal (5 gm.) 
was added, and the solution was boiled 15 minutes 
and filtered rapidly with suction. The filtrate was 
concentrated (1,700—1,800 cc.), and, after standing 
overnight, a bright-yellow precipitate of the di- 
tetrazolium chloride (BT) separated. The product 
was collected, washed with a little 50 per cent al- 
cohol-ether, and dried; the yield was 24-27 gm. 
Another 10-15 gm. of the product were recovered 
after concentrating the filtrate further. If the aque- 


5A small quantity of the ditetrazolium salt may be re- 
covered from this brown gum by extraction with hot alcohol 
and crystallization from an aleohol-water mixture. 
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ous solution of the ditetrazolium chloride was too 
saturated, the product tended to separate as a 
gummy tar, which, however, slowly solidified on 
standing. 

The crude product was bright yellow to yellow- 
brown in color and was very soluble in methanol, 
ethanol, and chloroform. It was slightly soluble in 
water and insoluble in ethyl acetate, acetone, and 
ether. Further purification was accomplished either 
by solution in alcohol or chloroform and precipita- 
tion with ether or by crystallization from metha- 
nol-ethyl acetate. The purified product was pale 
yellow and decomposed at 242°-245° C. The analy- 
sis of this material was 1 per cent low in carbon, 
and there was a trace of incombustible residue. 
The insoluble ditetrazolium iodide, nitrate, and 
thiocyanate were precipitated from a hot aqueous 
solution of the chloride by addition of sodium 
iodide, sodium nitrate, or sodium thiocyanate re- 
spectively. Samples for analysis were obtained by 
final crystallization of the iodide and nitrate from 
dilute alcohol, but these analyses were no better 
than those of the chloride. No ash was left after 
combustion of the latter sample. Presumably, the 
tetrazolium salts tenaciously hold additional acid 
(24). 

As an alternate procedure, the diformazan was 
oxidized with lead tetracetate, as reeommended in 
the preparation of other tetrazolium salts (18). 
Lead tetracetate was added to a chloroform solu- 
tion of the blue diformazan. The blue color was dis- 
charged in the course of this exothermic reaction. 
However, the isolation of the ditetrazolium chlo- 
ride was difficult, the product was not pure, and the 
yield was poor. Furthermore, there was danger 
that contamination with lead would affect enzy- 
matic activity. 


AcuTE Toxicity 

The toxicity of the ditetrazolium chloride (BT) 
was compared with the toxicity of 2,3,5-triphenyl 
tetrazolium chloride (RT) and 2,5-diphenyl-3-p- 
lodophenyl tetrazolium chloride (IT), the radio- 
active analogue of which has been reported pre- 
viously (34). The iodo analogue (IT) was dis- 
solved in 10 per cent ethanol in saline, and the 
other two were dissolved in 0.85 per cent saline. 
Both intraperitoneal and intravenous routes were 
used in Swiss mice weighing approximately 20 gm. 
Injections were made in volumes of 0.1—0.25 cc. of 
the appropriate solution. Death which occurred 
within 10 days after injection was attributed to the 
compound administered. 

The tetrazolium salts were more toxic intra- 
venously than intraperitoneally, as previously re- 
ported for triphenyl tetrazolium chloride (36). Of 


the three, the ditetrazolium chloride (BT) was the 
most toxic. Mice tolerated only 0.05 mg. intra- 
peritoneally and 0.03 mg. intravenously (Tables 
1 and 2). 

The order of the toxicities of the ditetrazolium, 
salt (BT), triphenyl tetrazolium chloride (RT). 
and diphenyl p-iodophenyl tetrazolium chloride 
(IT), on a molecular basis, was in the ratio of 
about 10:2:1 respectively, when given intraperi- 
toneally, and 22:4:1, when injected intravenously. 
The toxicity of diphenyl p-iodopheny] tetrazolium 
chloride (IT) was less than half that of triphenyl 
tetrazolium chloride (RT). 

Following the injection of sublethal doses of all 
three salts, the mice appeared hyperirritable, hy- 
peractive, and exhibited muscular twitchings. 
These symptoms disappeared within 15 minutes in 
mice that recovered. Following administration of 
lethal doses, the mice died either immediately in 
coma, or shortly thereafter with convulsions and 
respiratory paralysis. 

It is of interest to note that the heterocyclic tet- 
razolium ring system is contained in the configu- 
ration of the convulsant drug, metrazol (cardia- 
z0l). 


In vivo EXPERIMENTS WITH THE DITETRAZOLIUM 
SALT (BT) tn NorRMAL AND TUMOR-BEARING 
Mice AND Rats 

Sublethal doses (1.5 mg/kg) of BT were injected 
intraperitoneally (0.25 ce. for mice and 1.0 ee. for 
rats), daily, for 10 days, in normal and tumor-bear- 
ing mice and rats. Ten animals were used for 
each experiment. Injections were started in Swiss 
mice 3 days after the subcutaneous implantation 
of sarcoma 37, and in Wistar rats 3—5 days after 
the subcutaneous implantation of Bagg lympho- 
sarcoma and Walker carcinoma 256. Normal mice 
and rats of the same strains were similarly treated. 
At the end of the injection period, all animals were 
sacrificed, and the tissues were examined grossly 
and microscopically (frozen sections after formalin 
fixation). 

In all animals the liver and kidneys were deep 
blue-black. The intestines, peritoneum, and mus- 
cles had a very faint bluish ‘tinge. Microscopically, 
rat liver and kidney sections contained visible de- 
posits of blue pigment. In the kidney, the pigment 
was seen within the cells of the renal tubules. Glo- 
meruli and walls of vessels were not stained. In the 
liver, the pigment was within hepatic cells, par- 
ticularly in cells around the central veins (Fig. 1). 
Fibrous tissue and blood vessels were free of pig- 
ment. There were granular deposits of blue pig- 
ment in the omentum. Occasionally, a section of 
the peritoneum adjacent to a necrotic area of ex- 
traperitoneal tumor appeared deep blue. None of 
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the tumors were stained. The low solubility of the 
diformazan makes the possibility unlikely that 
pigment was concentrated in these areas after 
transport from another site of active enzymatic ac- 
tion. The tissues most strongly stained in vivo were 
also most readily stained in vitro, and the reaction 
was inhibited by cyanide. 

In other experiments normal Wistar rats were 
similarly injected and sacrificed at various inter- 
vals after daily intraperitoneal injections. Rats 
showed faint-blue pigmentation tn liver and kidney 
after 2 days. Following twenty daily admunistra- 
tions, deposition of pigment in the tissues was 
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similar to that described in rats that received only 
ten injections, although the pigmentation ap- 
peared more intense. No additional tissues were 
stained. 

The experiments indicate that sarcoma 37, 
Bagg lymphosarcoma, and Walker carcinoma were 
not able to reduce the tetrazolium salt in vivo. 
Only liver and kidney which have a high order of 
oxidase and dehydrogenase activity were able to 
accomplish a significant reduction of BT to its in- 
soluble diformazan. This is in agreement with the 
in vio experiments following a single injection of 
a radioactive tetrazolium salt (34). 


raN ‘ 
rABLE 1 
4 44 


COMPARISON OF THE TOXICITY OF THREE TETRAZOLIUM SALTS FOLLOWING 
INTRAPERITONEAL INJECTION IN MICE 


MoLECULAR Dosk PER 20-GM. MOUSE No. OF Mortauity ft L Doo 
Druc* WEIGHT OF DRUG Milligrams Moles 10° 6 MICE USED PER CENT Moses X 10-6 
BT 727.7 0.03 0.04 12 () 
0.05 0.07 12 Q) 
0.06 0.08 6 17 
0.1 0.14 6 oo 0.21 
0.18 0.25 6 66 
().2 ). 27 18 89 
0.9 0.41 6 100 
RT 334.6 ().2 0.6 5 40 
0.3 0.9 6 17 1.2 
(). 4 1.2 7 57 
0.5 1.5 6 100 
iT 460.5 (). 02 (). 04 6 0) 
0.04 0.08 6 Q) 
0 O8 0.2 6 Q 
().2 (). 4 6 Q) 
0.3 0.7 6 () 2. 
0.5 1.1 6 0 
1.0 2.¢ 6 50 
1.1 2.4 6 66 
1.9 4.1 12 100 
2.2 4.8 12 100 


* BT: ditetrazolium chloride; RT: triphenyl tetrazolium chloride; IT: diphenyl-iodopheny! tetrazolium chloride. 


+t Death within 10 days. 


TABLE 2 


COMPARISON OF THE TOXICITY OF THREE TETRAZOLIUM SALTS FOLLOW- 
ING INTRAVENOUS INJECTION IN MICE 


MoLECULAR 
WEIGHT OF DRUG 


727.7 


Druc* 


BT 


Milligrams 


0.03 
05 
.08 
.10 
17 
05 
-09 
0.1 

2 


RT 334.6 


-_ 
—_ 

« 
ww 


mt one 


IT 460.5 


—_ 
ae 
Gr 69 


ne 
-_~ 
a 


DosrE PER 20-GM. MOUSE 

MolesxX 10-6 
Q). 
Q. 
Q. 
Q. 
(). 
Q. 
Q. 


0 


Q. 
Q. 


1 
1 


0. 


0 
1 


2. 


LDso 
Moles 10 6 


Morta.ity f 
per cent 


No. OF 
MICE USED 


04 7 0 
07 6 83 
11 6 100 0.05 
14 6 100 
23 6 100 
15 7 0 
27 18 33 
30 5 80 
60 6 100 0.3 
90 6 100 
2 5 100 
56 6 100 
22 12 0 
65 7 14 1.2 
.10 5 60 
20 4 100 


* BT: ditetrazolium chloride; RT: triphenyl tetrazolium chloride; IT: diphenyl-iodopheny] tetrazolium chloride. 


+ Death in 10 days. 
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EXPERIMENTS WITH EXCISED ORGANS 


Large pieces of freshly excised organs of mice 
and rats were incubated for 2 hours at 37.5° C. in 
5 ec. of 0.1 M phosphate buffer (pH 7.4) containing 
lime. of the ditetrazolium salt (BT). Reduction of 
BT occurred on the surface of the block to a depth 
of about 0.5 mm. The blocks were then fixed in 10 
per cent formalin, and frozen sections were pre- 
pared in some cases for microscopic study. With 
the exception of connective tissue and_ possibly 
spleen, nearly all tissues showed some degree of 
reduction of BT. The tissues examined are listed in 
order of decreasing activity as follows: kidney, 
liver, adrenal cortex, thyroid (Fig. 2), brain, sali- 
vary glands, ovary, skeletal muscle, skin, pan- 
creas, heart, intestine, lung, stomach, and testis. 
In the thyroid, for example, pigment was produced 
in the cytoplasm of the epithelial cells of the fol- 
licles (Fig. 2). Connective tissue stroma and nuclei 
were unstained. The ability to reduce BT fell off 
rapidly when the tissues were stored at 4° C. or at 
—5° C. (2 days). Tissues placed in boiling water 
were Inactive. Sodium cyanide (2 XK 107% M) in- 
hibited the reaction. It is not clear exactly which 
enzyme systems are involved in this reaction. 
Probably one or more of the coupled dehydrogen- 
ase systems are involved. These dehydrogenases 
use material endogenous in the tissue as sub- 
strates. 


In vitro EXPERIMENTS WITH THE 
DITETRAZOLIUM SALT (BT) 


Method.—Animals were killed by decapitation 
and were exsanguinated. Tissues were rapidly re- 
moved, weighed wet, and homogenized in ice-cold 
distilled water, with a ground-glass homogenizer. 
The homogenates were diluted with ice-cold dis- 
tilled water to a concentration of 100 mg/ce, 
chilled at 4° C., and centrifuged at 2,000 rpm for 
10 minutes, to remove the large tissue particles. 
Each extract (1 ce.) was added to 2 ce. of 0.1 mM 
phosphate buffer at pH 7.6 containing BT (1-2 
mg.). Either distilled water (1 cc.) or substrate was 
added, as indicated below. After 2 hours at 
37.5° C., 40 per cent trichloroacetic acid (0.5 cc.) 
and ethyl acetate (10 cc.) were added. The tri- 
chloroacetic acid precipitated the protein and fa- 
cilitated the extraction of the diformazan. When 
more tissue was used, all the formazan could not 
be removed by ethyl-acetate extraction. The tubes 
were shaken thoroughly and centrifuged. The su- 
pernatants were transferred to colorimeter tubes, 
and the optical density was determined in a photo- 
electric colorimeter (Klett), using a 540 muy filter. 
If the specimens were too dark to measure, they 
were diluted with ethyl acetate. The zero point 
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was adjusted with an extract of a tissue homogen- 
ate which was not incubated but otherwise treated 
in identical fashion. The visible absorption spec- 
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Fic. 1.—Rat liver. Endogenous dehydrogenases located in 
hepatic cells around central veins. BT (1.5 mg./kg.) injected 
intraperitoneally daily for 10 days. The deeply pigmented liver 
was fixed in formalin, and frozen sections were cut 30 yu thick 
and mounted in glycerogel. Photographed through a red filter. 
x 10. 

Fic. 2.—Rat thyroid. Endogenous dehydrogenases locatep 
in the cytoplasm of the epithelial cells of the follicles. Freshly 
excised thyroid gland was incubated for 2 hours at 37.5° C. in 
5 ec. of 0.1 m phosphate buffer (pH 7.4) containing 1 mg. of 
BT. Staining occurred to a depth of 0.5 mm. The tissue was 
fixed in formalin, and frozen sections were cut 20 yw thick. 
Photographed through a red filter. X 75. 


trum of the diformazan is given in Figure 3. A 
calibration curve was prepared by reducing vari- 
able amounts of BT with excess NaS or (NH,4)25S 
under the same experimental] conditions as above. 
The results (Fig. 4) show a linear correlation be- 
tween the concentration of ditetrazolium salt used 
and optical density when reduction was complete. 

The ditetrazolium salt (BT) was converted to 
the diformazan by enzymatic activity. Complete 
reduction yielded dark-blue colors: but partial or 
incomplete reduction, indicative of weak enzymat- 
ic activity, resulted in reddish purple pigments 
(partial reduction of the molecule to a monoforma- 
zan). The red component of both pigments was 
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Fic. 3.—Visible absorption spectrum of the diformazan 


(IIT). E is the molecular extinction coefficient; D, optical den- 
sity; M, molecular weight (III); C, concentration of the difor- 
mazan in chloroform (gm. ‘per liter); L, cell length (em.). We 
are indebted to Dr. Elkan: R:'Blout, Research Laboratory of 
Polaroid Corporation, Cambridge, for these measurements. 
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DITETRAZOLIUM CHLORIDE (MICROGRAMS) 


Fic. 4.—Fixed increments of ditetrazolium chloride (IV) 
were reduced with (NH,)2S in the presence of an extract of tis- 
sue homogenate, and the diformazan (IIT) was extracted with 
ethyl acetate for measurement of the color density (Klett) 
through a 540-mzy filter. 


measured by the use of a green filter. This weight- 
ed the results in tissues in which traces of activity 
were present. Although error could have been in- 
troduced by partial reduction of the ditetrazolium 
salt to a monoformazan, a plot of enzyme content 
against the quantity of BT reduced was also 
linear within the range of concentrations used 
(Fig. 5). 

Endogenous! dehydrogenase activity.—Of all the 
normal’ tissues examined, ‘only liver, kidney, and, 

§ Liver, kidney, spleen, lung, intestine, stomach, muscle, 
adrenal, thyroid ovary, testes, brain. 








occasionally, small intestine showed evidence of 
dehydrogenase activity in the absence of added 
substrates. This is in sharp contrast to the results 
with fresh blocks of tissue. Greater reduction oc- 
curred with extracts of more concentrated homo- 
genates (above 100 mg. cc.), and the relationship 
was linear (Fig. 5). No reduction was observed 
with an extract of as little as 50 mg/ce. of liver, 
kidney, or intestine. The reduction was greater in 
more alkaline solutions (pH range 5.0—-8.0) or 
under anaerobic conditions (Fig. 6). The greater 
rate of reduction anaerobically indicated competi- 
tion of oxygen with BT for hydrogen. Heating the 
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LIVER HOMOGENATE (MGM./CC.) 


Fic. 5.—Fixed increments of an extract of rat liver homoge- 
nate were incubated with 2 mg. of ditetrazolium chloride (BT) 
in 0.05 mM phosphate buffer (pH 7.6) for 2 hours at 37.5° C. The 
diformazan was extracted with ethyl acetate for measurement 
of color density. Further dilution with ethyl acetate was re- 
quired for the higher concentrations. 
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Fic. 6.—Shows the differences in reduction of BT by liver 
homogenate under aerobic and anaerobic conditions. Appar- 
ently oxygen competes with BT as a hydrogen acceptor. 
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homogenate at 80° C for 15 minutes or to boiling 
prior to incubation, or the addition of .01 M KCN 
(1 cc.), completely inhibited dehydrogenase activi- 
ty. Sodium fluoride (1 ce. of .01 M) and 1odoacetic 
acid (1 ce. of .01 mM) had no inhibitory effect. Simi- 
lar findings have been reported for the reduction of 
triphenyl tetrazolium chloride by Penicilltum chry- 
sogenum (10). It is not clear whether BT in these 
circumstances was reduced directly by enzymatic 
action or whether it served as a hydrogen acceptor 
for an oxidative enzyme. The possibility that BT 
was reduced by growth of bacteria in 2 hours was 
excluded by experiments with liver homogenates, 
using, separately, toluene (saturation of the medi- 
um), penicillin (5,000 units) and streptomycin 
(1-2 mg.). There was no apparent inhibition of de- 
hydrogenase activity by these antibiotics. 

Extracts of homogenates of sarcoma 37, Bagg 
lymphosarcoma, Walker carcinoma 256, and sev- 
eral human tumors—adenocarcinoma of cecum 
(2), colon (3), and rectum (2), sarcoma of kidney, 
hypernephroma of kidney (2), carcinoma of breast 
(2), lymphosarcoma, and sarcoma of muscle—were 
not able to reduce BT under the conditions de- 
scribed above. 

Demonstration of specific enzyme systems by the 
addition of substrates——The aerobic reduction of 
BT by tissue homogenates may be accelerated by 
the addition of specific substrates such as cysteine 
hydrochloride (.016 mM), sodium succinate (.05 M), 
sodium xanthate (4 X 10-4 mM), sodium lactate 
(.02 m), and sodium malate (.02 M). 

Cysteine is degraded by cysteine desulfurase to 
pyruvic acid, NH; and H.S (35). The HS, as it is 
liberated, quantitatively reduces BT. The concen- 
tration of the diformazan thus serves as a measure 
of desulfurase activity. Cysteine alone, at the same 
concentration, did not reduce BT during this peri- 
od of incubation. Since many growing bacteria will 
produce HS, bacterial contamination was mini- 
mized by the use of sterile equipment. Pilot ex- 
periments in the presence of antibiotics gave simi- 
lar results. 

In the utilization of sodium succinate, BT can 
serve as a hydrogen acceptor. A method for deter- 
mining succinic dehydrogenase activity with tri- 
phenyl tetrazolium chloride has already been re- 
ported (20). 

Xanthine oxidase activity in extracts of rat 
liver at pH 7.0 was very low as compared to that 
found in unpasteurized milk. 

In the case of malic and lactic dehydrogenase, 
however, co-enzyme I (1 mg.) was required to act 
as intermediate hydrogen carrier, since BT will not 
accept hydrogen directly from these substrates. 
These dehydrogenases were demonstrated in rat- 








liver homogenates after 2 hours incubation at 
$7.5° C. at pH 7.2. 

Succinic dehydrogenase activity—The succinic 
dehydrogenase activity of extracts of tissue ho- 
mogenates was determined in normal Swiss mice 
and Wistar rats, in Swiss mice bearing 10-day-old 
sarcoma 37, in Wistar rats bearing 7-day-old 
Walker carcinoma 256 or 14-day-old Bagg lym- 
phosarcoma, and in human neoplasms. Sodium suc- 
cinate (.05 M), phosphate buffer (.025 m) and BT 
(1 mg.) were used. The colorimeter was adjusted to 
zero with a tube from which only substrate was 
omitted. Enzymatic activity associated with bac- 
terial growth may be excluded, since the homo- 
genates of many of the tissues which failed to reduce 
BT were contaminated with bacteria. Further in- 
cubation (12 hours) of these cultures did not re- 
duce BT. 

Succinic dehydrogenase activity was demon- 
strated by this method only in kidney, liver, and 
brain of all mice and rats. An extract of 50 mg. of 
kidney was able to accomplish the reduction of 
about 0.42 mg. of BT to the diformazan in 2 hours. 
Liver had approximately 70 per cent and brain had 
approximately 20 per cent of the enzymatic activi- 
ty of kidney. Extracts of tissue homogenates (50 
mg.) of spleen, lung, stomach, intestine, pancreas, 
skeletal muscle, and testis showed no succinic de- 
hydrogenase activity under the conditions used. 

There was no appreciable difference in enzyme 
activity of the tissues of normal and tumor-bearing 
mice and rats. Within the limits of this method 
there was no succinic dehydrogenase activity in 
extracts of sarcoma 37, Bagg lymphosarcoma, 
Walker carcinoma 256, and of 13 human neo- 
plasms—adenocarcinoma colon (3), cecum (2), 
rectum (2), carcinoma of breast (2), carcinoma of 
ovary (1), sarcoma of kidney (1), and hyperne- 
phroma (2). 

Cystecne desulfurase activity—Extracts of 50 
mg. of tissue were incubated 2 hours at 37.5° C 
with BT (2 mg.), cysteine hydrochloride (10 mg.), 
and phosphate buffer (.05 Mm) at pH 7.6. Two types 
of controls were used; cysteine hydrochloride was 
omitted from one tube, and tissue extract was 
omitted from the other. All experiments were per- 
formed in duplicate, which checked within +5 per 
cent. The results listed in Table 3 represent the 
average of eight to ten experiments. Liver and kid- 
ney had the highest enzymatic activity. Extracts 
of tumors showed less activity than most other tis- 
sues. Cysteine desulfurase activity of normal tis- 
sues, determined by manometric methods (35), has 
been reported only in liver, kidney, and pancreas, 
decreasing in that order. Other tissues were found 
to contain cysteine desulfurase in our experiments. 
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The danger of bacterial contamination and growth 
in producing these results was a real one, since 
various species, especially the coliform bacteria, 
are able to produce H.S. However, all tissues were 
handled in identical fashion so that all were equal- 
ly exposed to possible contamination. Incubation 
was limited to 2 hours; kidney consistently pro- 
duced the greatest enzymatic action, and skeletal 
muscle produced the least. Both small and large 
intestine, which were most heavily contaminated 
with coliform bacteria, reduced less BT than liver 
or kidney. Therefore, the values given in Table 3 
are essentially indicative of enzymatic activity of 
the tissues. These data show that neoplastic tis- 
sues, lung, and muscle have half the desulfurase 
activity of liver and kidney. 
TABLE 3 
CYSTEINE DESULFURASE ACTIVITY* IN NorR- 
MAL AND NEOPLASTIC TISSUES 
OF WISTAR RATS 


Quantity of ditetra- 
zolium chloride 


Tissue reduced 
milligrams 
Kidney 36 
Liver .33 
Spleen 27 
Intestine .19 
Pancreas .19 
Stomach Ri 
Brain .16 
Bagg lymphosarcoma 15 
Walker carcinoma 256 12 
Lung .10 
Muscle 04 


* Results expressed in milligrams of BT reduced by 50 
mg. tissue extract within 2 hours at 37.5° C.in the presence 
of cysteine hydrochloride (10 mg.). Average of eight to ten 
experiments. 


DISCUSSION 

The stability of the formazans provides a more 
convenient method for measuring dehydrogenase 
and oxidase activity in tissue homogenates than is 
provided by methylene blue in the Thunberg tech- 
nique or by the classical manometric methods. It 
appears that a variety of enzymes may be demon- 
strated by the use of appropriate substrates and by 
the addition of BT to serve as a hydrogen accep- 
tor. The method in its present form should be re- 
garded as semi-quantitative. Furthermore, the in- 
solubility of the diformazan in water and its excel- 
lent pigment qualities suggested the possibility of 
demonstrating these enzymes histochemically. We 
have demonstrated succinic dehydrogenase and 
cysteine desulfurase in fresh frozen sections, and 
these methods will be published later. 

In the in vivo and in vitro experiments given 
above, various enzymes were found to be less ac- 
tive in neoplastic tissue than in normal tissue. This 
is in agreement with reports that dehydrogenase 
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activity is low in tumors (3, 6, 11, 12, 14, 16, 25, 
28, 30, 32, 33, 37) and that there is a decrease in 
specialized oxidative functions in tumors of liver 
and skin as compared to the tissues of origin (7). 
The cytochrome C content of tumors produced ex- 
perimentally in mice was found to be low (8). The 
activity of lactic, malic, and succinic dehydro- 
genases and xanthine oxidase is lower in neoplastic 
tissue than in normal tissue (3, 6, 11, 12, 14, 16, 
17, 25, 28, 30, 32, 33, 37). Ability to decolorize 
methylene blue is decreased in neoplastic tissue 
(4, 13, 15). 

Under the same conditions which result in re- 
duction of BT by extracts of liver and kidney, ani- 
mal and human tumors fail to reduce BT. When 
less tissue is used (50 mg/cc), reduction occurs in 
the presence of certain substrates. Succinic dehy- 
drogenase was so demonstrated in kidney, liver, 
and brain and was not demonstrated in tumors of 
animals and man. Cysteine desulfurase was dem- 
onstrated to be most active in kidney and liver and 
least in rat tumors, lung, and muscle. 

More extensive reduction of BT occurred when 
pieces of fresh tissue were used, rather than ex- 
tracts of homogenates. Furthermore, many more 
tissues were able to reduce BT under the former 
conditions when cells were left intact. Presum- 
ably, the oxidative enzyme systems are left in a 
coupled form when tissue organization is not dis- 
rupted. In the homogenates, dilution of the sub- 
strates and enzymes and uncoupling of the en- 
zymes makes the addition of exogenous substrate 
necessary to reduce BT. The results of the in vivo 
experiments reported here and the experiments 
with a _ radioactive tetrazolium salt reported 
earlier (34) agree with the results of experiments 
performed with tissue homogenates without added 
substrates. 

SUMMARY 

The preparation of a ditetrazolium salt (IV) is 
given. When reduced, this water-soluble, pale-yel- 
low salt (BT) is converted to a blue, water-insol- 
uble pigment (diformazan). The toxicity of BT in 
mice is greater than the toxicity of tripheny] tetra- 
zolium chloride. Dehydrogenase activity was 
demonstrated mainly in liver and kidney in vivo 
and in vitro with BT. Results with blocks of fresh 
tissue differed from the results with homogenates. 
Specific dehydrogenase activity was demonstrated 
in extracts of homogenates by the addition of spe- 
cific substrates such as sodium succinate, xanthine, 
sodium lactate, and sodium malate. Cysteine de- 
sulfurase was demonstrated with cysteine as sub- 
strate. Tumors of animals and man contained no 
succinic dehydrogenase and little cysteine de- 
sulfurase by this technique. 
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Malignant Renal Tumors in Male Hamsters (Cricetus 
auratus) Yreated with Estrogen* 


HaApLEY KirRKMAN, Ph.D. ANpd R. L. Bacon, Ph.D. 


(From the Department of Anatomy, Stanford University School of Medicine, Stanford, California) 


In 1944 Vasquez-Lopez (1) reported certain ob- 
servations made upon hamsters treated with estro- 
gen. His material included a male which had ear- 
ried a subcutaneously implanted pellet of diethyl- 
stilbestrol for 299 days, starting on the 42nd day 


TABLE 1 


OCCURRENCE OF METASTASES IN RENAL 
TUMOR-BEARING MALE HAMSTERS* 
The age of the animals on the first day of treatment varied 
from 33 to 76 days. 


LENGTH OF TREATMENT 
Subcutaneous injec- 


tion of 0.6 mg. of Subcu- 
diethy Istilbestrol taneously NUMBER NUMBER 
every second day implanted Total OF ANI-  OFANIMALS 
in O.l cc. pellets of length MALS WITH SHOWING 
in O.l ec. of O.9 per — diethyl- of treat- TUMORS METAS- 
of sesame cent NaCl © stilbes- ment TASES 
oil sol. trolt 
days days days days 
217 217 2 (0) 
270 270 2 0) 
800 300 2 2 
107 215 322 1 0) 
331 331 2 l 
360 360 2 1 
107 259 366 l 0) 
157 215 372 2 | 
107 277 384 | 0 
205 215 420 l l 
214 236 450 1 Q) 
157 340 497 1 l 


* All males treated for 250 days or longer developed renal tumors. 
+ The average daily absorption was 0.090 mg. 


of life. This animal was referred to in a table as 
showing “‘a large secondary deposit macroscopi- 
cally visible in the left kidney.” Aside from our 
own preliminary reports (2-5), as far as we know, 
this is the only reference in the literature to what 
might be an estrogen-induced renal tumor. 

In our own work we have examined the kidneys 
of male and female hamsters treated with the fol- 

* This investigation was supported in part by research 
grants from the American Cancer Society, upon recommenda- 
tion of the Committee on Growth of the National Research 


Council. and from the National Cancer Institute of the Na- 
tional Institute of Health, U.S. Public Health Service. 


Received for publication, October 19, 1949. 
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lowing: (a) 20-mg. pellets of diethylstilbestrol,! im- 
planted subcutaneously on the 49th or the 68th 
day of life, with the animals killed 90, 120, 150, 
170, 180, 217, 240, 270 or 300 days later; (6) the 
same, except the pellets contained diethylstilbes- 
trol and cholesterol in a ratio of 1:4 and were im- 
planted on the 53rd day of life; (c) 0.6 mg. of di- 
ethylstilbestrol microcrystals suspended in 0.2 ce. 
of saline solution or dissolved in the same amount 
of sesame oil, injected subcutaneously every other 
day, from about the 50th day of life, and continued 
for total periods of 90, 120, 150, 190, 210, 240 and 
270 days, or from 322 to 497 days as indicated in 
Table 1. Kidneys from untreated male and female 
hamsters, ranging from 93 to 865 days in age, were 
examined also. 

Renal tumors (Fig. 1) were found in all males 
treated with estrogen for 250 days or longer (‘Table 
1), except those in which diethylstilbestrol-choles- 
terol pellets were implanted; in these, no renal tu- 
mors have been detected. In kidneys from two 
males carrying pellets of pure diethylstilbestrol for 
217 days, numerous, small, adenomatous nodules 
were observed microscopicaliy, but not grossly. No 
renal tumors have been observed in any female, in 
any untreated male, in any treated, castrated 
male, or in any control treated with sesame oil or 
with saline solution. 

The tumors have always occurred bilaterally. 
They are usually adenomatous in character and 
always cortical in location. Tumor masses fre- 
quently appear as well defined but never encapsu- 
lated, more or less rounded, solid nodules of vary- 
ing size (Fig. 2). They are often cystic and some- 
times hemorrhagic (Fig. 3); they have not been ob- 
served to ulcerate. As a rule, the epithelium con- 
sists of small more or less cuboidal cells, rather 
embryonal in appearance, arranged in branching 
and anastomosing cords. 

The tumor cells contain a sudanophilic, singly 
refractive lipid; they frequently resemble small 


|The estrogen used in this study was generously supplied 
by Dr. E. Oppenheimer of the Ciba Pharmaceutical Products. 
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signet rings. There are spindle-celled areas which 
are sarcoma-like in appearance. “‘Ciliated”’ cells, 
while rare In most of the tumors, sometimes occur 
in large numbers, both in primary and in meta- 
static growths. They vary from low columnar to 
high cuboidal in shape and are smaller and more 
acidophilic than are the nonciliated tumor cells. 
They are sometimes arranged in the form of tu- 
bules; in most cases, however, they comprise pe- 
ripheral bands of simple epithelium, partially sur- 
rounding cords of stratified cuboidal nonciliated 
epithelium, as seen in section (Fig. 4). Superficial- 
ly, such arrangements simulate, but are not ho- 
mologous with developing renal corpuscles. Ros- 
ette-like arrangements of epithelial cells are com- 
mon, with the cells frequently radiating outward 
from a central clear space lined by a single layer of 
flattened cells. 

No lymph- nor blood-borne metastases have 
been observed. Metastasis occurs by implantation 
after mechanical‘transport through the peritoneal 
cavity. In advanced’ cases, however, metastatic 
growths are found from‘diaphragm to scrotum, fre- 
quently invading the parenchyma of abdominal 
viscera. While studies to be reported later by Dr. 
A. C. Griffin show that the tumors resemble true 
neoplastic growths in regard to their content of 
riboflavin, desoxyribonucleic acid, etc., they are 
not considered highly malignant. For the time be- 
ing, we are calling them malignant adenomas 
rather than adenocarcinomas or embryomas. 

Some of the tumor cells appear to arise from 
proximal convoluted tubules (Fig. 5). It is pos- 
sible that other segments of the nephron, or even 
interstitial tissue, may contribute; but so far this 
has not been clearly demonstrated. As suggested 
earlier (2), it is believed that a significant contri- 
bution may be made by a localized band of sudan- 
ophilic epithelial cells in the lining of the renal pel- 
vis (Fig. 6). However, indications of such an origin 
have been observed only in kidneys bearing well 
developed tumors; i.e., no early stages in the de- 
velopment of tumors from pelvic epithelium have 
been seen. A possibility that the tumors may be 
myoepitheliomas is considered improbable, but 
has not been completely ruled out. 














While it is possible that the “ciliated” cells may 
be derived from a Miillerian duct rest, we have ob- 
served no other indication of the existence of such 
a rest in the kidney. It is considered more likely 
that the “‘cilia” represent a considerably modified 
brush border. It is hoped that cytological material, 
now being prepared, will provide the answer to 
this question. In material fixed according to Bouin 
and Rossman and stained by the periodic acid- 
Schiff method of MacManus (6), “‘cilia”’ are nega- 
tive, while basal granules and brush borders are 
distinctly positive. “‘Ciliated” borders are much 
thicker than brush borders, and “‘cilia’”” show no 
indications of being embedded in a ground sub- 
stance. 


SUMMARY 


In summary, it has been found that chronic 
treatment of male hamsters with diethylstilbestrol 
is followed by the appearance of multiple cortical 
tumors in both kidneys. The exact origin or origins 
of the tumor cells is still under investigation. U]- 
timately, the tumors become malignant, but me- 
tastases have not been observed outside the ab- 
dominal cavity. 

A detailed description of the tumors will appear 
later, as will accounts of experimental work now 
in progress. 
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Figures 1, 2, 3 and 6 are of kidneys from male hamsters 
(Cricetus auratus) injected subcutaneously, every other day, 
with 0.6 mg. of diethylstilbestrol, Figs. 1, 2 and 6 for 360 days, 
Fig. 3 for 372 days. Fig. 4 is from a scrotal metastasis in a male 
hamster treated for 331 days. Fig. 5 is from a kidney of a male 
hamster implanted with a 20-mg. pellet of diethylstilbestrol on 
the 68th day of life; the animal was sacrificed 217 days later, 
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after having received 0.5 cc. of a freshly prepared 0.5 per cent 
solution of trypan blue in 0.9 per cent NaCl solution per day 
per 100 grams of body weight for 8 days. Upon recovery, the 
pellet weighed 2.5 mg. Magnifications are as follows: Figs. 1, 
2 and 3 are 2.4, Fig. 4 is 680, Fig. 5 is 370X, and Fig. 6 
is 80X. 














Desyat Let Deyatelnosti Leningradskovo Onkologitche- 
skovo Institute (1926-1936) (‘“Ten-Year Activities of 
the Leningrad Oncologic Institute, 1926-367). By 
N. N. Petrov, and S. A. Kuouprn. In Russian, with 
French summaries. Leningrad: Medgiz, Narkomz- 
drav SSSR, 1938. Pp. 465. 

Need for a review of a book published over a decade 
ago is unusual and is a commentary upon the unsatis- 
factory interchange of medical information between the 
United States and the Soviet Union. The volume is a 
summary of the work of the first ten vears of existence 
of the Institute of Oncology in Leningrad, and justifies 
the inclusion of the Institute among the leading institu- 
tions designed exclusively for clinical and experimental 
work on cancer. 

The first 318 pages of the book are devoted to 17 
clinical reports describing in detail the statistical, clini- 
cal, and pathological data, and giving the results of 
therapy. 

The second section of the book consists of seven 
papers on experimental cancer research and cytology of 
tumors. The third section of nine papers deals with or- 
ganizational matters, including the history of the Insti- 
tute, complete statistics on the type of malignant dis- 
ease observed and treated, summary reports and bib- 
liographies of the experimental departments, the train- 
ing of oncologists, and the experiences of the anticancer 
campaign in Leningrad. 

In 1936 the Institute consisted of a hospital of 200 
beds, a central ambulatory clinic and ten subsidiary 
clinical points scattered through Leningrad, which dealt 
with the anti-cancer campaign as well as received and 
observed patients, and five experimental laboratories or 
departments. In 1937 training of additional oncologists 
permitted the establishment of sixteen subsidiary clinics 
in other towns of the Leningrad Oblast (district). 

During the years 1926-36, the Institute had 20,500 
patients, of which 17,353 had tumors; of these, 2,996 
were subsequently demonstrated not to have neoplastic 
disease. Of the 14,886 cases of neoplastic disease, 9,396 
(63 per cent) were in women. The order of frequency of 
neoplastic diseases in women was: uterus (26.2 per cent), 
breast (11.8 per cent), stomach (5.8 per cent), skin (5.1 
per cent), blood vessels (3.5 per cent), ovary (3.3 per 
cent), rectum (2.1 per cent), and bone (1.6 per cent). 
In men, the primary eight foci were: stomach (17.9 per 
cent), lower lip (11.3 per cent), skin (8.1 per cent), 
esophagus (7.4 per cent), larynx (5.9 per cent), tongue 
(3.4 per cent), bone (3.1 per cent) and pharynx (2.9 per 
cent). Carcinoma of the lung accounted for only 0.3 per 
cent of the cases, and 46 of 51 cases occurred in males. 
Over 9,700 operations, including 2,500 laparotomies, 
were performed, and roentgenotherapy was admunis- 
tered in 66,000 sessions to 5,000 patients. 

The book is profusely illustrated by tables and photo- 
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graphs which suffer from the poor quality of the paper. 
The last twenty pages contain short summaries of the 


material in French. 
MiucHArE. B. Suimxkrin, M.D. 


U.S. Pubhie Health Service 





Natural Products Related to Phenanthrene. By Louts F. 
FIESER and Mary Freser, department of chemis- 
try, Harvard University. 3d ed. New York: Rhein- 
hold Publishing Corporation, 1949. Pp. 704. $10.00. 
This volume, previously entitled ““Chemistry of Nat- 

ural Products Related to Phenanthrene” has been com- 
pletely revised and brought up to date. The chapters on 
morphine, resin acids, cardiac glucosides, and steroid 
saponins have been enlarged to include a few new natu- 
ral and synthetic products and chemical reactions. 

However, the main new contributions of this edition 
are in the field of steroid hormones. Beautifully concise 
charts elucidate all structures, interconversions, syn- 
theses, and degradations of the hormones. In the field of 
estrogens the latest discoveries of biologically active 
oxidation products—the doisynolic acids—are given in 
great detail. Similar exhaustive treatment is given to 
androgens and progesterone, all procedures, whether of 
historical or economic interest in the partial synthesis 
of these hormones, being given. 

A completely new chapter comprising 70 pages has 
been included on the adrenal cortical hormones. In the 
face of the appalling maze of letters designating adrenal 
cortical hormones and their inactive precursors or me- 
tabolites this book provides tables of the different com- 
pounds and describes the relation between them. The 
description of attempts made to produce the adrenal 
cortical hormones from bile acids including the diffi- 
culties in the introduction of the C,, oxygen atom and 
the building of the correct sidechain are given in detail. 

Besides the chemical aspects of steroid hormones, 
physiological actions are given, procedures for the isola- 
tion and chemical tests for the hormones in biological 
media are briefly described, and references are given for 
detailed study of the procedures. 

The new chapter on the metabolism of steroid com- 
pounds does not yet give many answers, because the 
use of radioactive steroid molecules has presented many 
difficulties in synthesis, and the older methods of study- 
ing the metabolism had not given many real answers 
due to the large quantities of hormone employed for 
these tests. This book offers a description of complete 
syntheses of steroids containing radiocarbon. It thus will 
enable better understanding of publications of steroid 
metabolism which can be expected soon in the literature. 

Another new chapter deals with steroid alkaloids, 
which are becoming more important these days, since 
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they may become the source of semi-synthetic adrenal 
cortical hormones. A few compounds such as those 
which Jervine and Cervine isolated from the roots of 
liliaceae already possess the C,, oxygen atom in their 
molecule. 

No mention has yet been made of the largest chapter, 
that on sterols and bile acids. Here the tremendous in- 
genuity applied to establish the structure of the steroid 
compounds is described as it was in the second edition. 
To get a better understanding of this chapter it may be 
worth while to read first the chapter by Richard B. Tur- 
ner on stereochemistry of the steroids; it is the last 
chapter in the book. 

Of great value to the research worker in this field is 
the new section on the physical properties of the 
steroids. A similar tabulation of physical properties of 
phenanthrene compounds, which has not been included 
in this volume would have been appreciated. 

The only chapter completely omitted from this edi- 
tion dealt with the carcinogenic hydrocarbons. Although 
they do not belong to the natural products of phenan- 
threne, they might well have been included in this book 
on account of their great biological importance. 

This volume can well serve as a reference book on 
steroid chemistry because of its good organization, clear 
presentation of structure, and laudable attempt to 
simplify nomenclature. 





Hematin Compounds and Bile Pigments, Their Constitu- 
tion, Metabolism, and Function. By R. LemBoure 
and J. W. Lecce. Ist ed. New York: Interscience 
Publishers, Inc., 1949. Pp. 749. $15.00. 


——_— 


I Tumori maligni—compendio teoretico pratico (‘“Malig- 
nant Tumors—A Theoretical-practical Compendi- 
um’’). By Virrorto Gutron. Bologna: Nicola Zani- 
chelli Editore, 1949. Pp. 554. 4,000 Lire. 


This volume, designed as a manual for students and 
practicing physicians, is divided into two major parts, 
A general section provides a brief but adequate sum- 
mary of the basic concepts of malignancy, the sympto- 
matology and pathological anatomy of tumors, the biol- 
ogy, cellular biochemistry, and metabolism of tumor tis- 
sue, and the methods employed in treatment. The re- 
mainder of the book is devoted to a detailed discussion 
of the malignant tumors found in various sites of the 
body; the major subdivisions of the material involve 
tumors of bone, epithelial cells, skin, endocrine organs, 
soft parts of the head and neck, brain, spinal medulla, 
sympathetic nervous system, oral cavity, thorax, abdo- 
men, bile ducts, urinary apparatus, sex organs, and sen- 
sory organs. The lesions are described, and diagnosis and 
treatment are discussed. The exposition is clear and 
readable and is much aided by the presence of 158 fig- 
ures in the text and a number of full-page colored repro- 
ductions. The author very frequently refers to the work 
of other investigators, but regrettably has neglected to 
provide any bibliography in the entire volume. Despite 
this serious omission, this book constitutes a valuable 
non-English addition to the library of the practicing 
oncologist. 


Ericu HirscHBERG 


McArdle Memorial Laboratory 
University of Wisconsin 
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Announcements 





FIFTH INTERNATIONAL CANCER CONGRESS 


The Fifth International Cancer Congress will be held 
in Paris, at the Sorbonne, from July 17 to 22. The ses- 
sions will be held from 9 to noon and from 2 to 5. There 
will be exhibits of documents relating to research, sta- 
tistics, organization of centers of treatment, equipment, 
and cancer control. 

The program will be divided into three sections. The 
subject for Section I will be ‘‘ Experimental Studies on 
Cancer Biology.” Subdivisions will include: (a) Cancer 
caused by chemical agents, (b) Hormones and cancer, 
(c) Viruses and cancer, (e) Cancer transplantation, 
(e) Tissue culture and cytological studies, (f) Biochemis- 
try of cancer, (g) Role of nutrition in cancer, and 
(h) Use of isotopes and other agents in cancer experi- 
mentation. Subjects for the symposia will be: (a) Mor- 
phological and biochemical characteristics of malignant 
and normal cells, (b) Mode of action of carcinogenic sub- 
stances on cells, (c) Nature and role of viruses in cancer, 
and (d) Experimental basis of chemotherapy of cancer: 

Section IT deals with *‘Pathology, Clinical and Thera- 
peutic Studies.’* Subdivisions include: (a) Cancer of the 
skin, breast, and endocrine glands, (b) Cancer of the di- 
gestive tract and adnexa, (c) Cancer of the nervous sys- 
tem, (d) Cancer of the urogenital apparatus, (e) Cancer 
of the respiratory system, and (f) Cancer of the skeleton 
and blood-vascular system. Subjects for the symposia 
will be: (a) Definition and treatment of malignant mela- 
noma of the skin, (b) Interpretation, classification, and 
treatment of tumors of the salivary glands, (c) Classifi- 


cation, interpretation, and diagnosis of testicular tu- 
mors, (d) Method of classification of tumors of the 
bronchi and the therapeutic measures indicated, and 
(e) Nomenclature and method of classification of tumors 
of the skeleton or reticulo-endothelial system. 

Section IIT is on *‘Cancer Control.’ The subjects for 
short papers will be determined by the abstracts and 
titles presented. The symposia will include: (a) Estab- 
lishment and interpretation of cancer statistics, 
(b) Methods of assuring early detection and treatment 
of cancer, (c) Post-doctorate and medical training in 
cancer, and (d) Cancer in industry or occupational 
hazard. 

To be admitted as a member of Congress, it is neces- 
sary to belong to a well-known scientific or social as- 
sociation, or to be recommended by such an association. 

Participants may present at least one communica- 
tion. The exact title, and a summary of not more than 
250 words, must reach the Secretary’s office, 6 Avenue 
Marceau, Paris (8°) no later than April 1, 1950, or the 
paper will not be included in the program. The duration 
of the report will be limited to 10 minutes. Invited 
speakers for symposia will be allowed 20 minutes. 

Registration forms which must accompany the ab- 
stract and separate copies of the booklet giving more de- 
tailed information concerning registration may be se- 
cured from Dr. Charles W. Hooker, Secretary, American 
Association for Cancer Research, University of North 
Carolina, School of Medicine, Chapel Hill, North 
Carolina. 





